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For over half a century, rutile TiO2 has been intensively studied by experimentalist and 
theoretical scientists due to its interesting physical properties, such as high static 
dielectric constant and large uniaxial refractive index. However, over the last few 
decades, anatase TiO2 has become the heart of research due to its better electrical 
properties which make it more suitable over rutile phase for solar photovoltaic, photo 
catalytic, transparent conductor (TCO), dilute magnetic semiconductor applications. 
The objective of this thesis is to investigate the defect induced electrical, optical, 
magnetic and structural properties of titanium dioxide (TiO2) thin films grown by 
pulsed laser deposition (PLD) technique.  
Single crystal TiO2 and tantalum (Ta) doped TiO2 (Ti1-xTaxO2) thin films of different 
thicknesses were grown epitaxially on lattice matched substrates such as LaAlO3 and 
SrTiO3. X-ray diffraction (XRD) studies showed very high quality anatase TiO2 thin 
films. Rutherford backscattering-Ion Channelling (RBS) spectroscopy was used to 
study the crystallinity and defect density of all the films deposited. RBS-Ion 
Channelling studies showed that the defects which arise due to strain in the film at the 
interface reduced with increasing thickness. Ultra Violet-Visible (UV-Vis) 
Spectroscopy was used to investigate the band gap of the films. Recently cationic 
vacancies in metal oxide has been predicted to form magnetic centers1. Ta substitution 
in TiO2 results in donor electrons which are believed to enhance the formation of 
compensating cationic defects such as titanium vacancies (VTi) , Ti3+ and suppress the 
formation of anionic vacancies such as oxygen vacancies (VO) in a crystal. It is inferred 
that Ti vacancy plays an important role in the observation of ferromagnetism and Kondo 
scattering in anatase Ti0.94Ta0.06O2 thin films with various thicknesses (5-200 nm) 
grown on SrTiO3(100) substrate. We see ferromagnetism and Kondo scattering 
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simultaneously in the same system and by studying the distribution of the defects, 
magnetism and transport in the films as a function of thickness, we are able to reconcile 
the observation.  
The systematic variation in the density of states (DOS) of anatase TaxTi1-xO2 near Fermi 
level is investigated using temperature dependent scanning tunnelling spectroscopy. A 
mid-gap narrow band is seen at ~ 0.6 eV below the Fermi level in undoped TiO2 at low 
temperature. Spatial electronic inhomogeneity is seen at higher temperatures which is 
significantly reduced with Ta substitution. A “gap” in the metallic state of Ta 
substituted TiO2 is seen in similar strongly correlated metals. The mid gap energy is 
found to be a linear function of chemical potential with temperature. The measured 
value of electron/hole effective mass ratio of undoped TiO2 ~ 0.7, exponentially 
increases with increase in Ta doping concentration. We propose that such large 
enhancement of effective mass in Ta substituted TiO2 as a strong signature of large 
polarons at the surface of anatase TiO2.  
The two-dimensional electron gas in SrTiO3 created by an overlayer of amorphous 
LaAlO3 is compared with those at TiO2-terminated surfaces of rutile and anatase. 
Differences in conductivity are explained in terms of the limiting Ti-O-Ti bond angles 
(orbital corrugation), band dispersion and polaron formation. At 300 K, the sheet 
conductivity and mobility for anatase exceed those for SrTiO3 or rutile by one or two 
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1. 1 Introduction 
 
Transition metal oxides are one of the most important class of material systems with 
multiple-properties and important technological applicationss. Strong correlation has 
made these oxides very interesting in terms of novel Physics phenomena such as metal–
insulator transition, magnetism, superconductivity and many other interesting 
manifestations. Oxides can be used as insulators to conductors2, transparent conductors, 
semiconductors3 and superconductors4. They find many applications such as in CMOS 
device,5 memristors,6-8 optoelectronic devices,9 solar panels,10 detectors,11 fuel cells,12 
catalysts13 and so on. Among the transition metal oxides, recent studies in titanium 
dioxide (TiO2) show that they are potentially useful in the field of magnetism,14 
optoelectronics, solar cell15 and in photo-catalysis16 for solar hydrogen generation17,18. 
The present thesis deals with the fundamental electronic and magnetic properties of 
epitaxially grown transition metal doped TiO2 thin films by pulsed laser deposition 
technique on different metal oxide substrates. 
1. 2 Crystal Structure of TiO2  
 
TiO2 is a wide band gap semiconductor with many structural polymorphs: rutile, 
anatase, brookite, TiO2(B)19, TiO2(R)20, TiO2(H)21 and Cubic22. Among these 
polymorphs rutile, anatase and brookite are well known structures. Rutile is the most 
stable structure in the bulk form and has been well studied compared to all other 
structures. However, anatase and brookite are metastable which could be converted to 
rutile form in atmospheric pressure and at high temperature (600-700 °C). The rutile 
structure is the simplest form among the three most common structures (rutile, anatase 
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and brookite) as shown in Fig. 1.1(a). It is characterized by the tetragonal space group 
P42 /nm. The unit cell of rutile TiO2 contains two TiO2 units with Ti at (0,0,0), (1/2, 
1/2, 1/2), and O at ± (v,v,0), ± (v+1/2 , 1/2-v, 1/2). The lattice parameters are: 
a=b=4.587 Å, c=2.954 Å, and v=0.305 Å . 
                      
                                         
  
                     
                                                                                                                                                                   
                               
Figure 1. 1 Crystal structure of (a) Rutile, (b) Anatase 
  
3  
Each Ti ion is coordinated octahedrally to six O ions and this TiO6 octahedron is 
distorted. The four equatorial O ions are in the plane of (110). The equatorial Ti-O bond 
length is ~1.95 Å and the apical Ti-O bond length is ~1.98 Å. The oxygen octahedra 
form chains which share edges along [001] direction and share vertices in the (001) 
plane.  
The anatase structure of TiO2, is shown in Fig. 1.1b, which belongs to the tetragonal 
space group I4/amd 23 with the unit cell containing two TiO2 units. The Ti ions are at 
(0, 0, 0) and (0, 1/2, 1/4) and the O ions are at (0, 0, v), (0, 0,-v), (0, 1/2, v+1/4) and (0, 
1/2, 1/2-v). The lattice parameters are a=b=3.782 Å, c = 9.502 Å, and v = 0.208 Å24. 
Like the Rutile structure, each Ti ion is octahedrally coordinated to six O ions, which 
is distorted where short Ti-O bond length is ~1.93 Å and long bond length of ~ 1.98 Å 
forming zig-zag chains along the [100] and [010] directions.  
The brookite phase of TiO2 is very unstable and has a complex structure. Brookite 
structure is characterized by the orthorhombic space group Pbca. The Ti ion is 
coordinated octahedrally to six O ions. In this case the Ti-O bond length in the 
octahedron is different from each other and ranges from 1.87 to 2.04 Å and the O-Ti-O 
bond angle ranges from 77° to 105°. 
Anatase TiO2 has been of more interest to the research community in recent times due 
to its high conducting properties where it has been shown to be metallic in nature by 
doping 5+ valence transition metal like Ta and Nb. Recently discovered water splitting 
ability of TiO2 has generated a great deal of interest in the field of energy and 
environment science research because of its unique conduction band edge which 
overlaps the water dissociation energy. More recently Kondo effect25 and 
ferromagnetism26 has also been observed in the anatase phase of Ta substituted TiO2; 
making it a more interesting system for studying defect mediated magnetic phenomena. 
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1. 3 Physical Properties of TiO2 
 
Bulk properties Of TiO227  
Atomic radius (Å) 
O                0.66 (Covalent bond) 
Ti               1.46 (metallic bond)        
Ionic radius (Å) 
O-2               1.26 
Ti+4              0.74          
    
Crystal Structure              System               Space group                 Lattice Constant (Å) 
                                                                                                            a           b             c        
Rutile                           Tetragonal             ܦସ௛ଵସ − ܲ4ଶ/݉݊݉         4.58         -       2.956 
Anatase                        Tetragonal             ܦସ௛ଵଽ − ܫ4ଵ/ܽ݉݀           3.74         -        9.56 
Brookite                       Rhombohedral       ܦଶ௛ଵହ − ܾܲܿܽ                 5.44        9.17    5.14   
 
 Rutile  Anatase  Brookite 
Density(gm/cc) 4.2743  
 
3.895   
 
 4.123 
Heat capacity (J/mol ºC) 55.06 55.56   na 
Thermal expansion Coefficient (ºC-1) 8.86x10
-6 (RT)   
Electron mobility (cm2/V.s) 1  10    na Band gap  3.00 (Direct)  
 








1. 4 Electronic Band Structure of TiO2 
 
The electronic band structures of the three polymorphous TiO2-rutile, anatase and 
brookite are shown in figure 1.2. The DFT-GGA band structure of rutile indicates that 
it has a direct band gap of 1.85 eV at the Γ point. However, with GW correction, rutile 
shows an indirect band gap of 3.23 eV with the VBM at Γ and the conduction band 
minimum (CBM) at R. 
Whereas, the direct band gap of rutile TiO2 with GW method shows 3.30 eV which 
matches with experimental result of 3.30 eV by PES and IPES28. DFT-GGA calculation 
shows that anatase has an indirect band gap with the VBM at Δ (0, 0, 0.44) between Γ 
and X (0, 0, 0.5) and the CBM at Γ (Figure 1.2(b)). The indirect band gap from is shown 
3.62 eV by GW. The Brookite structure has a direct band gap at Γ (Figure 1.2(c)). The 
predicted direct band gap with GW is 3.86 eV which is larger than that of anatase (3.57 
eV) and rutile (3.30 eV). 
 





An analysis of the density of states (DOS) for all three major phases depicted in Fig.1.2, 
shows predominantly O2p-like valence band states and Ti3d-like conduction band states 
around the band edges. In the octahedral-type crystal field, the five unoccupied d-states 
of the central Ti ion are split into the two fold-degenerate eg-like states with ݀୶మି୷మ and 
݀୸మ   character and three fold-degenerate t2g-like dxy, dyz and dxz type states29. The energy 
of t2g state is lower than eg. A weak two-peak separation is visible for rutile, which is 
much less prominent for anatase and brookite in the O2p-like valence band. The sp2 
hybridization in the planar (Y-shaped) OTi3 building blocks split O2p band in rutile. The 
px and py states of the O ion form σ hybrid states with the central Ti ion, which form 
the lower edge of the O2p-like valence band and extend almost through the whole band. 
Whereas, the uppermost valence band edge consists of pz-type states that form the lone 
pair (out-of-plane) π states which are higher in energy than the sp2-like hybrid states. 
However, the anatase phase shows slightly different characteristics than rutile and this 
arises mainly due to the more T-like shape of the OTi3 building blocks which lead to 
stronger deviations from the ideal sp2 hybrid states. Brookite shows both rutile-like (Y-
shape) and anatase-like (T-shape) OTi3 building blocks.  
 
1. 5 Defects and Substituting at Ti site in TiO2 
1.5. 1 Oxygen vacancy 
 
Any material (semiconductor, insulator or metal) contain intrinsic defects which arise 
during various growth and fabrication processes. There are many possibilities of such 
intrinsic defects. As for example, a semiconductor can have different types of defects 
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such as point, area, line and cluster type. Point defects are vacancy, interstitial or host 
impurity (foreign element) (Fig. 1.3) Other most common defects are dislocations, grain 
boundaries, twins and stacking faults. 
 
                                 
 
Figure 1. 3: Schematic picture of defects 
In a vacancy, as the name suggests, an atom is missing from its site in the crystal lattice. 
Most common vacancy in metal oxide like TiO2 is oxygen vacancy, which arises on 
samples sputtered and annealed in UHV, and has been widely studied theoretically as 
well as experimentally. These defects are very important for surface properties and bulk 
properties. The bulk single crystal has been studied extensively with oxygen vacancy 
which are created by UHV annealing 30, ionic gate31 and doping with transition metal32. 
An oxygen vacancy, in a metal oxide like TiO2, STO33 is known to create both a mid-
gap state about 1eV below the bottom of the conduction band and a shallow donor level 
much closer to the bottom of the conduction band, which makes the system  either an 
n-type semiconductor or a metal depending on the carrier concentration.    
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Figure 1.4: A proposed band structure model for anatase TiO2 with oxygen vacancies 
 
 Interestingly, room temperature ferromagnetism has been reported in a wide range of 
undoped oxides such as TiO234,35, HfO236, In2O334, SnO237 and ZnO38 due to oxygen 
vacancy. However, the origin of the room temperature ferromagnetism in all above 
oxides still remains controversial. 
1.5. 2 Titanium vacancy 
 
Titanium vacancy is a cationic vacancy which is not very common in oxides. However, 
Osorio-Guillén et al.39 pointed out first that the cationic vacancies are readily formed in 
most of the wide band gap oxides due to either hole or electron doping. Later 
ferromagnetism via cationic vacancy (with concomitant half-metallicity) in wide band-
gap semiconducting oxides was originally proposed in the theoretical works by Elfimov 
et al.40. It was predicted that the wide band-gap CaO can become a half-metallic 
ferromagnet with about 5% cationic i.e. Ca vacancies which exceed the equilibrium 
concentration of vacancies in solid by three orders of magnitude as suggested by 
Zunger39. However, the realization of such a large amount of cationic vacancies in CaO 
has never been achieved. The first experimental observation of a local magnetic 
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moment arising from cationic vacancy was reported by Zhang25. They observed 
signatures of Kondo effect below 100 K in 5% Nb doped anatase TiO2 thin films grown 
under 10-4 Torr oxygen partial pressure by pulsed laser deposition (PLD). Using XAS 
(X-ray absorption spectroscopy) and XPS (X-ray photoelectron spectroscopy), 
supported by first-principle calculations, they showed that the presence of Kondo 
scattering in the film was due to localized magnetic moments associated with cationic 
(Ti) vacancies produced due to Nb incorporation. However, they did not observe any 
ferromagnetism. Later, room temperature ferromagnetism, in Ta doped TiO2 system 
(measured by both magnetization and XMCD) was reported by Andrivo et al.41, which 
was attributed to the Ti vacancy created due to the Ta incorporation in TiO2. 
 
 
1.5. 3 Substituting for Ti in TiO2 
 
The substituting of metal or non-metal ions in TiO2 is a very popular approach to 
modify the band structure, surface properties and electronic properties. For the 
application in solar cell, many dopants have to be incorporated in to the TiO2 to reduce 
the band gap. TiO2 has a band gap of >3.0 eV which does not absorb the visible light. 
The effective narrowing of the TiO2 semiconductor bandgap to induce visible light 
absorption would not only improve the solar to electrical energy conversion efficiency 
of dye sensitized solar cells but would also eventually lead to a titanium dioxide based 
solar cell technology which does not need less stable, expensive dye sensitizers for 
visible light absorption. However, the doping of metal or non-metal ions in the lattice 
of TiO2 is often accompanied by formation of oxygen vacancies. Several groups have 
observed formation of oxygen vacancies in the TiO2 lattice due to incorporation of 
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cations with valence lower than that of the parent cation (Ti) 32. In contrast, the higher 
valence cation stabilizes the Ti3+ as well as forms cationic vacancy41 without producing 
oxygen vacancies, as displayed in the Fig. 1.5  
 
                                                                            
 
Figure 1.5: Schematic illustration of aliovalent-doped SrTiO3: doping of the trivalent cation (a) and pentavalent cation (b) (Reprinted with permission from the American Chemical Society) 
1. 6 Applications of TiO2 
 
Titanium dioxide is an extremely important metal oxide. TiO2 finds diverse applications 
in semiconductor, as a transparent conductor (TCO), photocatalyst in energy 
conversion for the production of hydrogen, additive to pigments, sensor devices and 
novel solar cells. They are also used in other electronic devices such as varistors and 
may even find usage in MOSFETs as gate insulators or as spacer material in magnetic 
spin-valve systems. Nanostructured TiO2 is used in Li-based batteries and 
electrochromic devices. TiO2 is also used heavily in the medical industry and plays an 





1.6. 1 Photoactivity of TiO2  
 
The water photolysis on a TiO2 electrode was discovered by Fujishima and Honda in 
1972 [1]. Since then, TiO2 has been an ideal photocatalytic material because of its 
excellent properties such as high activity, good stability, nontoxicity and low cost. TiO2 
has been widely used in the fields of renewable energy and ecological environmental 
protection43. However, as a wide band gap oxide semiconductor (Eg = 3.23 eV), anatase 
TiO2 or R-TiO2 (Eg=3 eV) can only show photocatalytic activity under UV light 
irradiation (λ < 400 nm). These materials do not absorb the visible light that accounts 
for a major part of solar energy (approximately 45%). Therefore, it is a challenge as to 
how to effectively utilize sunlight (visible part) for the extensive application of TiO2 as 
a photocatalyst by suitably modifying the bandgap of these materials.  
The photocatalytic process is initiated by the absorption of the photon hv1 with energy 
equal to or greater than the band gap of TiO2 (~3.3 eV for A-TiO2, 3.0 eV for R-TiO2) 
producing an electron-hole pair on the surface of TiO2 as shown in Fig. 1.6.1(a). An 
electron is excited to the conduction band (CB) leaving a hole in the valence band (VB). 
Excited electrons and holes can recombine and release the input energy as photon, get 
trapped in metastable surface states. This electron can interact with the the surrounding 
electrical double layer of the charged particles (conducting solution). The holes in the 
valence band after reaction with water can produce hydroxyl radicals with high redox 
oxidizing potential. Depending upon the exact conditions, the holes, OH radicals, O2-, 





                                 Figure 1. 6 : Reaction at a semiconducting photocatalyst interface 
  mechanism44. Fig.1.6 shows how a semiconductor photocatalyst (SP) works. Due to 
optical excitation, an electron is activated from the valence band to the conduction band 
of a semiconductor; meanwhile a hole is created in the valence band. These excited 
carriers diffuse to the surface and chemically react with the surrounding medium, for 
example, electrons react with oxygen to form O2 and holes react with surface hydroxyl 
groups to form OH radicals. These radical species then attack and decompose the 
nearby organic molecules. This process is commonly applied to photocatalytic 
oxidation, hydrogen transfer45, water detoxification, air purification and other 



































In this chapter, we will discuss the growth and characterization technique of thin films 
of Ti1-xTaxO2. PLD technique has been used for the film fabrication. X-ray diffraction 
(XRD) studies have been carried out on the epitaxially grown thin films on STO 
substrate at various temperatures and oxygen partial pressures. Raman spectroscopy 
has been used to study structural and phonon anomalies in TiO2. Rutherford 
backscattering (RBS) – Ion channelling spectrometry was used to study the depth 
dependent composition and crystal quality of the films and the extent of substitution of 
Ta5+ in Ti4+ sites in the crystal lattice. Ion channelling studies for films grown at 
different growth conditions show us the optimum condition for the growth of highly 
crystalline thin films. Atomic Force Microscopy (AFM) has been used to measure the 
roughness and the surface topography of the grown films. Quantum Design MPMS 
SQUID system was used to measure the magnetic properties of the samples 
2. 1 Pulsed Laser Deposition Technique  
 
Pulsed laser deposition (PLD) has clearly emerged as one of the premier thin film 
deposition techniques for multi-elemental compounds such as superconductors, 
conductors, ferroelectric, ferromagnetic and electro-optic materials. The success of 
PLD in the deposition of wide variety of multi-component materials has spurred 
research activities all around the globe. Virtually any material, from pure single 
elements to multi-component compounds can be deposited optimally using  PLD 
rapidly. Faithful reproduction of the stoichiometry of the charged material and in situ 
deposition of oxides without the requirement of any post-deposition process adds to the 
advantage of the technique. On top of all these, the conceptual and the experimental 
simplicity of the process has been the biggest reason for its popularity in the field of 
experimental solid state physics . 
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Figure 2.1 shows the simple schematic diagram of a PLD experimental setup. It consists 
of a target and a substrate holder maintained in a vacuum chamber. A high power laser 
is used as an external energy source to vaporize material from the target to be deposited 
on the substrate as thin films. Optical mirrors and lenses are used to guide the laser into 
the chamber and focus it on the target surface. Film growth can be carried out in a 
reactive environment using any kind of gas. Although the hardware involved with the 
PLD process is pretty simple, the physics involved in the laser-target interaction is 
extremely complex. It depends critically on the laser beam 
 
 
Figure 2. 1 : Schematic diagram of a pulsed laser deposition chamber. 
 
characteristics (uniformity, energy density, pulse duration, repetition rate), as well as 
the optical, topological and thermodynamic properties of the target. The modality of 









the scanning of the beam on the target can play a crucial role in the morphology of the 
film in terms of its surface roughness.  
When the laser radiation is absorbed by a solid surface, electromagnetic energy is 
converted first into electronic excitation and then into thermal, chemical and even 
mechanical energy to cause evaporation, ablation, excitation, plasma formation and 
exfoliation. Though many models have been developed to explain the laser-solid 
interactions, none of them are successful to account for all the observations relating to 
the process. The simplest of the models, based on the thermal effect, can accurately 
describe beam-solid interactions under the low power density range. However, at higher 
power densities, such as above 108 W/cm2, the model seems to fail. The different 
models developed, identified the three possible absorption processes of laser energy as 
the volume absorption by the electrons and phonons in the lattice, the free carrier 
absorption at the surface and the absorption by the plume.  
1. The material eroded at the target is stoichiometric as there is negligible surface 
segregation during the evaporation during each pulse as a result of which when 
averaged over tens of pulses for a monolayer of material the composition is 
preserved. 
2. The evaporated material in the laser plume undergoes significant collisions 
which gets rid of the chemical and physical identity of each element thereby 
making them all follow the same average trajectory leading to stoichiometric 
deposition on the substrate. 
2. 2 X-Ray Diffraction (XRD) 
 
One of the phenomena of interaction of X-rays with crystalline matter is called 
diffraction, produced by the planes of the atoms in the crystal. In the process an X-ray 
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beam passing through the crystal is reflected at specific angles depending on the X-ray 
wavelength, the crystal orientation and the structure of the crystal. The X-ray diffracted 
beam with wavelength of radiation λ will constructively interfere when partially 
reflected between atomic planes which produce a path difference equal to an integral 
number of wavelength. The condition of the diffraction is described by the Bragg law: 
2d sinθ=nλ 
 
                                          
 
Figure 2. 2 : Schematic diagram of the XRD diffraction 
 
where n is an integer, d is the inter-planer  spacing, and θ is the angle between the 
radiation and the surfaces. This relation demonstrates that interference effects are 
achievable only when the physical dimension of the interlayer distance is comparable 
to the wavelength of the radiation.  
Since the distances between atoms or ions are on the order of 1 Å, the diffraction 
process requires radiation in the X-ray region of the electromagnetic spectrum, or 
beams any other matter waves with similar wavelength. So, through X-ray spectra one 
can analyse the crystalline nature of the matter. In order to perform the experiment, a 
diffractometer is needed. An X-ray diffractometer consists of an Xray generator, an X-
ray detector (photographic film or a movable proportional counter) a goniometer and 
sample holder. The most commonly use X-ray generators are X-ray tubes, which 
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generate X-rays by bombarding a metal target with high energy (10-100 keV) electrons 
that knock out core electrons. Two common targets are Mo and Cu, which have strong 
Kα X-ray emissions at 0.710 and 1.541 Å, respectively. 
Each crystalline material gives a unique diffraction diagram, which is the basis for a 
qualitative analysis by X-ray diffraction. Identification is practically always 
accompanied by the systematic comparison of the obtained spectrum with a standard 
pattern, taken from any X-ray powder data file catalogues, published by the American 
Society for Testing and Materials (JCPDS). The diffraction profiles of a mixture of 
crystalline specimens consist in spectra of each of the individual crystalline substances 
present, superposed.  
 
2. 3 Rutherford backscattering-Ion Channelling   Rutherford Backscattering (RBS) is based on collisions between atomic nuclei and 
derives its name from Lord Ernest Rutherford, who in 1911 was the first to present the 
concept of atoms having nuclei. Rutherford backscattering spectrometry (RBS) is a well 
known powerful technique for structural and compositional characterization of thin 
films or single crystals (Fig.2.3). A beam of monoenergetic α particles (He2+) with 
energy in the MeV-range (typically 0.5–4 MeV) is generated by an electrostatic 
accelerator, and directed towards the sample via the magnetic steering mechanism. 
When the α particles reach the sample surface, some of them are elastically scattered of 
the surface atoms, while the others enter the sample with energy loses along the way 
and are further scattered by the atoms inside of the sample (Fig. 2.3). The energy of the 
backscattered projectiles is recorded with an energy sensitive detector, typically a solid 
state detector. As the collision between α particle and atom is elastic, the energy (E) of 
the backscattered α particle with the incident energy E0 is  
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                                                 E = KE0 
where the kinematic factor K is given by 







 where ∅ is the scattering angle and M2 the mass of the target nucleus initially at rest 
and M1 is the mass of the α particle. The intensity of spectrum at a particular energy is 
proportional to the number of corresponding atoms inside of the sample. Therefore, the 
elemental composition of the sample can be readily determined by spectrum. However 
RBS has the lower sensitivity for light elements as the cross section is proportional to 
Z2, which often requires the combination of other nuclear based methods like nuclear 
reaction analysis (NRA) or elastic recoil detection analysis (ERDA). Another important 
application of RBS is the thickness measurement of thin film, because the width of the 
peak in the spectrum is proportional to the thickness (t) of the sample (Fig. 2.3) once 
the density of the film is known. The degree of crystallinity in a film can be determined 
via RBS by operating the system in ion channeling mode. In this mode, the sample is 
aligned with the particle beam so that ion beam can see the crystalline channel as shown 
in figure 2.3. The beam passes through the sample with significantly reduced 
backscattering if the atoms are aligned perfectly in the sample. However, if there are 
any defects (such as interstitials) or disorder exist some of the ions will be scattered 
back leading to measurable intensity of spectrum. The intensity of the random 
backscattered signal (unaligned (fig 2.3), is nearly proportional to the number of 
disordered atoms or defects. The ratio of the aligned and misaligned back scattered 




           
 
Figure 2. 3 RBS spectrum in random (unaligned) mode. 
  
                      Figure 2. 4 : RBS ion channeling mode for a perfect crystalline lattice   
2. 4 Magnetic Property Measurement System (MPMS)  In 1964, the DC SQUID was designed by Robert Jaklevic, John J. Lambe, James 
Mercereau, and Arnold Silver of Ford Research Labs47 after Brian David 
Josephson postulated  the Josephson effect in 1962, and the first Josephson junction 
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was made by John Rowell and Philip Anderson at Bell Labs in 1963. The MPMS 
system mainly consists of the following parts: dewar, probe, SQUID as- assembly, and 
an electronic control system. The schematic diagram of MPMS is shown in Fig. 2.5. 
The sample is mounted at one end of a sample rod. The position is adjusted so that the 
sample is around the centre of pick up coils. The magnetic field generated by a 
superconducting magnet can reach up to +/- 7 Tesla. Liquid He in the dewar is used 
both for maintaining the superconducting state of the electromagnet and for cooling the 
sample. The system can control the temperature from 1.8 K to 800 K. The 
magnetization of a sample is measured via a SQUID magnetometer which consists in 
tiny loops of superconductors (with Josephson junctions). The schematics of Josephson 
junction and SQUID are given in Fig. 2.7. The Josephson junction contains two weakly 
coupled superconductors which are separated by a thin layer of insulator. Figure 2.5, 
Schematic of the apparatus in an MPMS system. (Adapted from Quantum Design). The 
electron-pairs in superconductors can tunnel across the insulating barrier at zero voltage 
bias. The tunneling current i relates to the phase difference (δɸ) between electron-pair 
wave in each superconductor as: 
                                             i = icsinδɸ 
 where ic  is the critical current of a Josephson junction. 
A simple SQUID consists of a closed loop of superconductor with two Josephson 
junctions. When a magnetic field (B) is applied perpendicular to the plane of the loop, 
a phase difference (δɸ)= 4πɸh/ e , is generated in the electron-pair wave in the 
superconductor regime, where ɸ is the flux across the loop. The time derivative of Δφ is 
correlated with the voltage across this weak contact. In a superconducting ring with one 
(so-called rf SQUID) or two (dc SQUID) weak contacts, Δφ is additionally influenced 
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by the magnetic flux Φ through this ring. Therefore, such a structure can be used to 
convert magnetic flux into an electrical voltage. 
 
                                      
 
Figure 2. 5 : Schematic of SQUID system 
 
When the sample is moved up and down it produces an alternating magnetic flux in the 
pick-up coil. The magnetic signal of the sample is obtained via a superconducting pick-
up coil with 4 windings (Fig. 2.6). 
                                              
Figure 2. 6 : Schematic diagram of superconducting pick-up coil with 4 windings. 
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This coil is, together with a SQUID antenna (red in Fig. 2.7), part of a whole 
superconducting circuit transfers the magnetic flux from the sample to an rf SQUID 
device which is located away from the sample in the liquid helium bath. This device 
acts as a magnetic flux-to-voltage converter (blue in Fig. 2.7).  
                                    
 
Figure 2. 7: Schematic diagram of Josephson junction 
 
This voltage is then amplified and read out by the magnetometer’s electronics (green in 
Fig. 2.7) 
2. 5 Physical Property Measurement System  Quantum designed Physical Property Measurement System (PPMS) consists of a 9 
Tesla superconducting magnet in a helium dewar with sample temperature range of 1.8-
400 K. This sophisticated hi-tech system, numerous combinations of electrical 
measurements, magnetic fields and temperatures allow for a multitude of 
measurements: Resistivity, determination of superconductivity critical temperatures, 
Magnetic susceptibility and M-H hysteresis loop measurements, AC Transport, Hall 
effect measurements, Rotating sample (in-plane or out-of-plane) holder for 360 degree 
sample rotation in magnetic field, Open software architecture allows for additional 
types of electrical measurements.  
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The sample is mounted on a puck which is loaded in the PPMS chamber during the 
measurement. A typical pattern for resistivity measurements is depicted in the Fig. 2.8. 
                                 
 
Figure 2. 8: linear probe schematic : V+/ V- and I+/ I-  are connected to the voltage and current contacts, respectively  
 The standard four-probe (two current contacts, two voltage contacts) method is 
employed in order to get rid of the contact resistance. Gold wire with a diameter of .05 
mm is used to connect between the sample and the corresponding channels on the puck. 
The contacts are made by Aluminium alloy solder. The resistivity of the specimen is 
given by 
                             ߩ௫௫  =  ோೣೣ ௧ௗ௟                                                     2.5.1 
Where t is the thickness of the sample, d is the width and l is the length of the sample 
bridge. ܴ௫௫ is the resistance of the specimen recorded by PPMS system. The Hall 
measurement is performed with the magnetic field (H) perpendicular 
to the sample plane. The Hall bar schematics: V+/ V- and I+/ I- are connected to the 
voltage and current contacts, respectively, on sample puck for resistance (Rxx) 
measurement. For a simple metal where there is only one type of charge 
carrier (electrons) the Hall voltage VH can be computed by setting total Lorentz force to 
zero as below 
                   ܨ = ݍ(ܧ + ݒܺܤ)                                                             Eq.2.5.2 
 
where  E = VH/t, v = L/T (L is length of the channel), I = Q/T  
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Therefore,    ுܸ = − ூ஻௡௧௘                                                                            Eq.2.5.3 
                              
 
Figure 2. 9: The Hall bar schematics: V+/ V- and I+/ I-  are connected to the voltage and current contacts, respectively 
 
where I is the current across the plate length, B is the magnetic field, t is the 
thickness of the plate, e is the elementary charge, and n is the charge carrier 
density of the carrier electrons. 
The Hall coefficient is defined as 
                          ܴு = − ாೣ௝ೣ஻                                                         Eq.2.5.3 
where j is the current density of the carrier electrons, and Ex is the induced electric field. So the Hall coefficient can be written as 
                          ܴு = − ூ஻௡௧௘ = − ௏ಹ௧ூ஻ = − ଵ௡௘                Eq.2.5.4           Using the above equation, we can determine the carrier concentration. 
                                         
One can further obtain the mobility of charge carriers by 
                                      ߤ௘ = − ଵ௡௘ఘೣೣ                                                           Eq.2.5.5 
 
 




Like IR spectroscopy, Raman spectroscopy is a powerful technique for characterisation 
of materials. In the field of material characterisation, the use of Raman microscopes is 
now widely used because it offers a non-destructive and quantitative microanalysis of 
structures and electronic properties. Because of its higher resolution with some respect 
to FTIR spectroscopy and its versatility and simplicity in terms of sample handling, 
preparation and the possibility of acquisition of the whole spectra (4000 to 10 cm-1) 
with the same instrument. In addition to the well known application of identification of 
compounds, there are a large number of reported works on the characterisation of 
concentration and mobility of free carriers, strain and crystal quality, determination of 
local crystal orientation, etc. Raman spectra originate in the electronic polarisation 
caused by UV or visible light. The mechanism by which the incident radiation interacts 
with the molecular vibrational energy levels has its origins in the general phenomenon 
of light scattering. 
In the Raman technique, a monochromatic light which is an essentially non-divergent 
beam from a laser source is incident on the material. The incident light on the materials 
is defined by its characteristic frequency υ and polarization p. The scattering in all 
direction is considered to be an oscillating electric and magnetic multipole moments 
induced by the incident light waves. The induced magnetic dipole and electrical 
quadrupole are several orders of magnitude smaller than the electrical dipole. The liner 
frequency dependent electric dipole can be written as, 
                                                P =αE    (considering only the liner term)       Eq.2.6.1 
where E is the incident electric field and α is the polarizability tensor of the molecule. 
The electric field E, it is function frequency, which is written as  




 The linear induced  electric dipole has three distinct frequency components: p(υ), 
which gives rise to radiation at υ, and so accounts for Rayleigh scattering; p(υ+υk) 
which gives rise to radiation at (υ+υk), and therefore accounts for Stokes Raman 
scattering; and p(υ-υk) which gives rise to radiation at (υ-υk), and  accounts for anti-
Stokes Raman scattering [Stokes and Anti-Stokes have been mixed up]. The necessary 
condition for Rayleigh scattering is that αRay be non-zero. As all molecules are 





Figure 2. 10: molecular Energy-level diagram showing the states involved in Raman scattering.  
 
At the same time, the necessary condition for Raman scattering associated with a 
molecular frequency υk is that αRam should be non-zero.  
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There are two types of Raman equipment, Macro and micro- Raman. The micro- Raman 
has the advantage of higher illumination region over the sample, the disadvantage is the 
difficulty in focusing on to the the specimen. 
. 
A typical Raman spectrometer is shown in Fig. 2.11. 
a) The illumination source composed laser source emitting lines between 
 458 and 514 nm,  
     b) A sample chamber and a classical optical microscope for analysis. 
     c) A dispersive system composed of a double monochromator and a spectrograph. 
The two monochromators can be used either in subtractive mode to provide a wide field 
to the spectrograph or in additive mode when higher resolution is required. The double 
monochromator has one or two slits in between the first and second stage 
monochromators. 
    d) The detection system, which includes a multichannel detector (CCD) and a 






Figure 2. 11: Schematic diagram of Raman spectrometer. 
 
 
2. 7 Scanning Tunneling Microscopy  
 
In 1982, the scanning Tunneling Microscope (STM) was first designed by G. Binnig 
and H. Rohrer. It was implemented by Binnig, Rohrer, Gerber, and Weibel. STM uses 
a sharp conducting tip electrically biased with respect to the sample which must be 
conductive too. The bias voltage is the sample voltage and the STM measures the 
current between the tip and the sample induced by the bias voltage. Since, the sample 
and tip are separated by a ‘gap’ of a few angstroms; electrons must sweep between them 
in a tunnelling process. In the process of tunnelling, the tip and the sample are brought 
to a very close proximity so that the overlap of their surrounding electron clouds 
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becomes substantial and a tunnelling current in the order of nA can be measured, for 
applied voltages in the order of mV. The tunneling current is converted to a voltage by 
the current amplifier, which is then compared with a reference value. Since, the 
tunnelling current through the gap is exponentially dependent on the separation between 
the tip and the sample, the resolution is extremely good. In order to prevent both the 
crashing of the tip with the sample and the dropping of the current to non-measurable 
values when the tip is too far, there is a simple feedback circuit that actuates on a tip-
positioning device made by piezoelectric                                                                                                                                
              
 
 




positioners. The technique used in this work, EC-STM, is a modern variation of STM. 
The main difference is that in EC-STM there is an additional bi-potentiostat that allows 
controlling the voltage applied to the sample that is immersed in a liquid, thereby 
allowing the atomic imaging of processes under electrochemical control. 
2. 8 Atomic Force microscopy 
 
In 1986, G. Binnig had designed the AFM which measures the force of interaction 
between a sharp tip and the surface. AFM provides the 3D profile of the material surface 
on a nanoscale, by measuring forces between a sharp tip (probe) with diameter around 
10 nm and surface at very short distance (0.2-10 nm probe to sample separation). The 
dominant interactions in the AFM at short probe-sample distances are Van der Waals 
interactions. The force of interaction does not depend on electrical conductivity of the 
samples and tips, which permits imaging of insulating samples as well. In order to 
measure these forces, a probe which gently touches the surface and records the small 
force between the probe and the surface is supported on a flexible cantilever. Then, the 
force of interaction between the sample and the tip after approaching each other causes 
the cantilever to deflect according to Hooke’s law: 
F = -k.x                                                                                                              Eq.2.7.1 
where F is the force, k is the spring constant of the tip and x is the cantilever deflection. 
The deflection of the probe is typically measured by a laser beam reflection method. A 
semiconductor diode laser is bounced back by the cantilever onto a sensitive photodiode 
detector. This detector measures the bending of cantilever due to tip and surface 
interaction, when the tip is scanned over the sample. The measured cantilever 





                 
  
 
Figure 2. 13: Schematic diagram of AFM instrument showing the most common way of measuring AFM cantilever deflection   
There are 3 primary imaging modes in AFM (a) Contact mode AFM where probe-
surface separation is ~0.5 nm. The advantages of this mode are that it can be used for 
fast scanning, rough samples and in friction analysis. The disadvantages are 
damage/deformation of soft samples. (b) Intermittent contact (tapping mode AFM) 
(0.5-2 nm probe-surface separation) allows high resolution of samples that are easily 
damaged and/or loosely held to a surface. However it is more challenging to image in 
liquids. (c) Non-contact AFM, 0.1-10 nm is the probe-surface separation and very low 
force is applied which extends the probe life time on the sample. This mode gives lower 
resolution and is subject to interfere from contaminants on the surface of the sample.  
































3. 1 Brief history of Kondo effect 
 
In Swahili, the word “Kondo” means battle. In physics point of view, the Kondo is the 
battle or the interaction between the magnetic defect centers and the free electrons of 
the non magnetic host materials. The electrical resistivity of a pure metal usually 
decreases with decrease of temperatures, because the vibrations of the atoms decrease 
with decrease of temperature and this helps electron travel easily through the lattice. 
However, the resistivity in metal like copper and gold saturates as the temperature is 
lowered below about 10 K due to static defects in the material. In contrast, some metals 
like lead, aluminum can suddenly lose all resistance at certain temperature and become 
superconductor. The temperature, at which it loses resistance, is called critical 
temperature as shown in figure 1  
                                                       
Figure 3. 1: Resistance as a function temperature for superconductor normal metal and kondo effect. 
 
However, this behavior of resistance changes dramatically when magnetic atoms, such 
as cobalt, nickel or iron are added. Since 1930s there have been many observations of 
an anomalous increase in the resistance as the temperature is lowered further, rather 
than saturating at low temperature in normal metal like copper. This unusual behavior 
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of the resistance is known as Kondo effect today which does not involve any phase 
transition. Roughly the temperature, at which the resistance starts to saturate, is called 
the Kondo temperature.  
In 1964, 1st time Jun Kondo developed a formal theory of this unusual phenomenon1. 
Jun Kondo’s conclusion was that the resistance minimum must be deduced from the s-
d exchange model at temperatures where localized spins are not correlated without 
introducing specific assumptions. He predicted that at the paramagnetic range of 
temperature, the resistance due to the s-d interaction is independent of temperature. The 
Hamiltonian due to s-d exchange interaction is given by  
ܪ௦ௗ = −2ܬ௦ௗ(ܵଵሬሬሬԦ ܵଶሬሬሬԦ) 
where the exchange interaction between the conduction electron and the localized 
magnetic impurity, Jsd is negative, the S1 is the spin of the conduction electron and S2 is 
the spin of the magnetic impurity. The resistivity due to s-d interaction using 
perturbation approach is given by 
ߩ௞ = ܿ ∗ ݊ఌಷଶ ܬ௦ௗଶ ܵ(ܵ + 1)[1 + 4ܬ௦ௗ݊ఌಷ݈݋݃ ݇௕ܶܦ ] 
where c is the constant proportional to the impurity atoms, S is the localized spin, ݊ఌಷ 
is the density of states at the Fermi level in a flat band of width 2D, kb Boltzmann 
constant and T is the temperature.  However, Kondo’s theory is only able to describe 
the observed upturn and resistivity minima at low temperatures but it incorrectly 
predicted the resistance to shoot up to infinity at lower temperatures. The theoretical 
development for understanding the physics of the s-d exchange at temperatures below 
TK was carried out by Anderson with his idea of “scaling” in the Kondo problem.  Later, 
in 1974, Kenneth Wilson demonstrated a method known as “numerical 
renormalization” that overcame the shortcomings of conventional perturbation theory, 
and confirmed the scaling hypothesis. In his work, he established that at temperatures 
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well below TK, the magnetic moment of the impurity ion is screened completely by the 
spins of the conduction electrons in the metal. Roughly speaking, this spin-screening is 
analogous to the screening of an electric charge inside a metal, although the 
microscopic processes are very different. 
 The Kondo temperature is defined by  
ܶ =  ஽௞್ ݁ݔ݌ ൬− ଵ௃ೞ೏௡ഄಷ൰. 
 
We report here the observation of both Kondo scattering and ferromagnetism (an 
exciting, current theoretical problem) in anatase Ta0.06Ti0.94O2 thin films as a function 
of thickness (5-200 nm). The Kondo behavior observed in thicker films is suppressed 
with decreasing thickness vanishing below ~25 nm. In 200 nm film, transport data could 
be fitted to a renormalization group theory model for Kondo scattering though the 
carrier density in this system is lower by two orders of magnitude, the magnetic entity 
concentration is larger by a similar magnitude and there is strong electronic correlation 
compared to a conventional system such as Cu with magnetic impurities. However, 
ferromagnetism is observed at all thicknesses with magnetic moment per unit thickness 
decreasing beyond 10 nm film thickness. The coexistence of Kondo and 
ferromagnetism is shown to be explained by the spatial variation of defects from the 
interface which results in a dominantly ferromagnetic region closer to substrate-film 
interface while the Kondo scattering is dominant near the surface decreasing towards 
the interface. This material system enables us to study the interplay between two 
competing magnetic phenomena and possibility for tuning them.  
 
There has been an upsurge of interest in Kondo scattering and ferromagnetic systems 
investigating cooperation between these two opposing effects 48,49 and also exotic 
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effects such as weak ferromagnetism and Kondo screening in Kondo lattice systems50-
52.The conduction electrons scatter from the magnetic impurity via an antiferromagnetic 
interaction causing a spin flip in time scales of the order of femtoseconds. The 
interaction between the magnetic impurity and the electron is antiferromagnetic and 
hence when the magnetic impurity concentration is increased this interaction is 
expected to be suppressed leading to a decrease in the Kondo temperature, eventually 
leading to ferromagnetism as the Kondo effect vanishes. Since the interactions are 
opposite one does not expect Kondo and ferromagnetism to coexist in the same system. 
However, there have been reports of simultaneous observation of Kondo scattering and 
ferromagnetism in heavy Fermion systems (usually including lanthanides or actinides) 
with partially filled 4f or 5f shells50-56, which theoretically can be modeled as a regular 
lattice of local moments coupled to conduction electrons. Can such effects be seen in 
simple 3d electron system? 
The Kondo effect, which is a sensitive electrical manifestation of the presence of 
localized magnetic moments in a system, provides a pathway to develop new 
ferromagnetic systems, by further increasing the magnetic center concentration, 
particularly in strongly correlated transition metal oxides. Wide band gap 
semiconductors, like TiO2, involve spin, orbital and charge degrees of freedom to 
produce local magnetism thus making them promising for observation of Kondo 
phenomena. Several groups have observed this effect in diluted magnetic impurity 
doped TiO2, like Ti1-xCoxO257. Even non-magnetic transition element such as Nb in 
TiO2 has shown Kondo phenomena where the magnetic centers were attributed to the 
Ti-vacancy, as reported by Zhang et al.25. Recently, ferromagnetism has been 
observed58 in Ti doped TiO2 film at room temperature which has been attributed to Ti3+. 
Ferromagnetism and the possibility of controlling both the spin and charge degrees of 
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freedom in these dilute magnetic semiconductors (e.g. TiO2, InO2, SnO2, ZnO59-61) have 
received much attention in recent past for future spintronic devices at room temperature. 
Our current understanding of magnetism in this system is either carrier mediated RKKY 
interaction between the magnetic centers which were identified as Ti vacancies41 or 
through magnetic polarons or possibly a Stoner exchange model. Further detailed 
experiments are needed to distinguish between these models. 
3. 2 Experimental Methods 
 
Sample preparation and measurements: Ta0.06Ti0.94O2 thin films were grown by pulsed 
laser deposition (PLD) on SrTiO3 (100) substrate at a temperature of 700oC and at 
oxygen partial pressure 1x10-5 Torr. The PLD target was prepared by a solid-state 
reaction method using 99.999% pure TiO2 and Ta2O5 powders. The crystalline phase 
was determined by Bruker XRD which showed oriented growth of anatase phase along 
(004) direction. The Ta concentration and the thickness of the films were determined 
by Rutherford backscattering spectrometry (RBS). Moreover, ion channeling 
measurements indicated that Ti is fully substituted by Ta atoms in thick films closer to 
the surface (low minimum yield < 3%) with increasing defects towards the substrate 
interface (higher minimum yields >10%) for thicker (200nm) film. Secondary ion mass 
spectroscopy (SIMS) showed no magnetic impurities in the films or the substrate. 
Temperature dependent resistivity measurement was done in linear four probe 
geometry. Also both in-plane (Magnetic field parallel to current) and out-of-plane 
(magnetic field normal to current) magnetoresistance (MR) measurements were carried 
out in linear four point geometry. Hall coefficient and carrier concentration were 
determined by applying a magnetic field (H) perpendicular to the film plane in the van 
der Pauw geometry (with Al wire bonding) in a physical property measurement system 
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equipped with a 9 T superconducting magnet. The magnetic field was swept from 5 to 
-5 T under a constant current for both the above measurements. Seebeck effect was 
measured in a Quantum Design PPMS system equipped with thermal transport option, 
as a function of temperature from 10K to 300K. We applied a square-wave heat flow 
along the film plane, with adjustable period (from 400 s to 1450 s) and thermal gradient 
(from 0.1 K to few K), and measured the related voltage drop decay. The measurements 
were carried out both in zero field and in a magnetic field of 9 T, but no appreciable 
dependence on the magnetic field was observed 
3. 3 Magnetic and electrical transport of Ta0.06Ti0.94O2 
 
Recently, we have shown that incorporation of Ta in anatase TiO2 introduces 
magnetism which peaks at about 6% Ta concentration62. In this work, we have chosen 
Ta-6%:TiO2 and studied the magnetism as a function of film thickness. Fig. 3. 2 shows 
the typical in-plane M-H hysteresis loop of Ta-TiO2 and TiO2 grown on STO substrate. 
The M-H Loop of undoped TiO2 film grown on STO substrate shows diamagnetic 
characteristics, which shows no  ferromagnetic contribution from the substrate and 





                       
 
Figure 3. 2: The above figure shows the typical in-plane M-H hysteresis loop of Ta:TiO2 (black line) and Pure TiO2(blue line) grown at the same condition  at 300 K   
Figure 3. 3  shows the magnetization of in-plane M-H hysteresis loop of Ta:TiO2 at 300 
K for different thicknesses which increases with film thickness and eventually 
decreases. In 5 nm thick film, no magnetism could be observed while ferromagnetism 
appears at a thickness of ~10 nm and the magnetization per unit volume decreases 
monotonically with increasing thickness, as shown in Fig. 3.4. The Ta minimum ion 
channelling yield follows the trend of magnetization as shown in figure 3.4. (The 
channelling minimum yield is obtained from a Rutherford backscattering experiment 
with a 2 MeV helium ion beam incident along the (001) crystallographic axis of the 
TiO2 film and is proportional to the number of displaced Ta atoms from the Ti site 





                                
 
Figure 3. 3: M vs. H loop of Ta:TiO2 at room temperature as a function of thickness  
 
                             
 
Figure 3. 4: magnetization and Tantalum channelling minimum yield as a function of thickness.  
Figure 3.5(a) shows the resistivity vs. temperature for films of different thicknesses. 
The resistivity of all the samples is of the order of 10-4 ohm-cm whereas that of 5 nm 
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film is orders of magnitude higher. The 5 nm film undergoes metallic to strongly 
localized behavior as the temperature decreases below 100 K. The strong localization 
regime has the character of 2D variable range hopping (VRH) as the R vs. T data fits 
well with theoretical formula  = c log(T/T0)(1/T3) from 2 to 100 K. Figure 3.5(b) 
shows that a 5 nm film does not show any magnetism (below the detection limit of the 
SQUID). It is interesting to note that this film has poor conductivity which does not 
allow any kind of exchange interaction involving carriers. This result argues against a 
polaron picture for the ferromagnetism in this system. Interestingly, the 10 nm thick 
film also shows localization at low temperature which follows a logT behavior 
throughout the temperature range of 2 to 35 K, as given Fig. 3.5(b). As the thickness is 
further increased, as shown in Fig. 3.5(b), the 50 nm film also undergoes a transition 
from a metal to a kind of localization-like behavior which cannot be fitted with the 
logT-relation at very low temperatures, where R vs. T starts to deviate from logT-
behavior. This temperature where the logT behavior deviates increases in 100 nm and 
200 nm films, as shown in Fig.3.5(b). The low temperature resistivity of 50 and 100 nm 
thick films saturates at very low temperatures below 1.3 K. There is an uncertainty in 
the saturation temperature of these samples in the temperature range from 2 to 1.3 K as 
we could not obtain the resistivity data due to change in the measurement system (going 
from PPMS to dilution refrigerator ). Hence we fitted the low temperature resistivity 
data with a log (T/TK) term rather than NRG formula because NRG formulation 
requires saturation of resistivity. However, the 200 nm film saturates at temperatures 
above 2 K (Inset of Fig-5.3(b)).  The entire resistivity behavior of the 200 nm thick film 
(which shows negligible magnetization) has been fitted with the numerical 
renormalization group (NRG) Kondo relation: 
ߩ(ܶ) = ߩ଴[1 + ቀ2ଵ ௦ൗ − 1ቁ ൬ ܶ௄ܶ൰
ଶ]ିௌ + ܣܶଶ + ܤܶହ 
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where TK (=15.5 K) is the Kondo temperature and s (=0.43) is the spin parameter, ρ0 
(=5.87x10-4 Ω-cm) is the zero temperature resistivity, A (2.67x10-9) & B (2.45x10-17) 
are the fitting parameters. A Kondo system with a characteristic scaling temperature, 
can be approximated with a Fermi liquid for ܶ≪ܶܭ with resistivity ߩ0−ܿܶ2 where ߩ0 is 
the residual resistivity. The Hall measurement shows that the carrier concentration is 
independent of temperature as shown in the inset of Fig. 3.5(a). So, these observations 
ascertain a Kondo-like transport.  
 
 
Figure 3. 5 (a) Resistivity as a function of temperature (scatter line) and fitting (solid line). Inset shows the carrier density as a function of temperature (b) Resistivity as a function of temperature (scatter line) and fitting (solid line). Inset shows the resistance as a function of temperature in the mK range.  
 The 50 and 100 nm thick films also reveal Kondo-like behavior, and their resistivities 
do saturate at very low temperatures (Inset of Fig. 3.5(b)). These films exhibit much 
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larger ferromagnetism as compared to the 200 nm film. The magnetoresistance 
measured in these films shows interesting behavior but nevertheless is isotropic as 
expected for Kondo scattering. We will address these interesting observations later in 
the chapter.  
However the key question to ask here is how come the original single impurity Kondo 
model developed for metallic systems is still valid for the oxides? There are three major 
differences- the carrier density for metals is 3 orders of magnitude larger, the magnetic 
impurities for metals are in the range of 0.001% while for the case of oxides it is ~2-
3% and the metals like copper have no correlation effects unlike the oxides. The 
established understanding is that above a characteristic Kondo temperature TK, the 
interaction of the impurity spin with the conduction electron spin is antiferromagnetic 
but at temperatures much lower than TK, the impurity spin is completely screened by 
the conduction electrons. The radius of the screening cloud is predicted to be of the 
order KBFK TkvR 2/~   63. For example, in the metallic system AuFe with a KT  of 0.3 
K, KR is ~3 µm64. However in the case of oxides, the Fermi velocity Fv is much smaller 
than metals due to lower carrier concentrations and the observed Kondo temperature 
seems much higher. This leads to a small sized electron cloud (smaller by at least two 
orders of magnitude) which may lead to a reduced net average spin polarization than 
metals. While this will allow for a larger concentration of magnetic impurities without 
overlap of the Kondo electron cloud (thereby allowing application of the single 
impurity Kondo theory) the reduced average spin polarization of the Kondo cloud for 
oxides may not give rise to the expected scattering. Add to this strong correlation effects 
which are yet to be modeled theoretically and it is indeed such a surprise that the NRG 
fit works so well for the 200 nm Ta-TiO2 film! 
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Figure 3.6 shows two different regimes of film thicknesses where in one regime only 
ferromagnetism is observed while in the other both ferromagnetism and Kondo 
scattering are seen. As shown in Fig. 3.7, the magnetization decreases with increasing 
thickness whereas Kondo scattering (Kondo Temperature) increases. Films of 
intermediate thickness (~50 nm) show both Kondo and ferromagnetic behavior. The 
compensated carriers (i.e. the difference between the ideal carrier density and the 
measured carrier density) follow a similar behavior to the normalized magnetic moment 




Figure 3. 6 shows magnetization (red asterisk) and Kondo temperature (blue asterisk) as a function of thickness. 
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Figure 3. 7: shows measured carried density (red asterisk), compensated carrier (black asterisk) and magnetization (blue asterisk) as a function of thickness. 
 
 
This similarity in the thickness dependence is because the carrier compensation arises 
from Ti vacancies that are also responsible for the observed41 magnetization. This also 
supports an RKKY exchange mechanism as the 5 nm film has significant Ti vacancies 
but no itinerant electrons and hence shows no ferromagnetism. 
The correlation between the defects and magnetization is experimentally determined 
using Rutherford Back Scattering (RBS)/ channeling. RBS channeling data shows 
depth dependent minimum yield of Ta atoms (proportional to the number of Ta ions 
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misplaced from the regular atomic sites) from the interface as a function of thickness 
given in Fig. 3.8. Tantalum minimum yield in thinner film at the interface is higher than 
thicker film. This is due to increased defects near the interface in thinner films due to 
strain. Figure 3.9 shows d004-spacing of the film as function of thickness. The films are 
grown on STO (100) substrate which has higher lattice constant (3.90 Ǻ) than TiO2 
(3.79 Ǻ) in the ab-plane. As a result, the ab-plane is under tensile strain on STO 
substrate which compresses the c-axis. As the film thickness increases, the strain 
relaxes thereby increasing the d-spacing along the c-axis as seen in the X-ray data. 
Sustaining a large number of cationic defects like vacancies requires interface strain. 
Hence when the strain is relaxed this decreases the number of defects in the film and 
the interface.  
In a prior study we have shown that the origin of the ferromagnetism in Ta-TiO2 is 
from Ti vacancies with a minor contribution from oxygen site41. Ta a 5+ valence 
element substitutes into the Ti site releasing an electron. As the carrier concentration 
increases with Ta concentration the formation energy for compensating defects such as 
VTi and Ti3+ decreases, with our film preparation condition favouring VTi formation as 
shown via XAS and XMCD studies41 Since defects (predominantly VTi) are responsible 
for the ferromagnetism this explains why the magnetization decreases with thickness. 
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Figure 3. 8: Tantalum channelling minimum yield as a function of thickness with the depth varying from the interface to the surface. 
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Figure 3. 9: Lattice d-spacing as a function of thickness. Inset shows the Anatase (004) peak shift with thickness.                                                                
 We have shown using photoluminescence that the oxygen vacancy related luminescent 
signal progressively disappears with increasing Ta concentration as shown in Fig.3.10.  
The  Figure 3.10 shows the normalised PL spectra obtained at 20 K for Ti1-xTaxO2 thin 
films for different Ta concentrations (0 to 8%) at the low energy range (1.8 eV to 3.0 eV). 
It is observed that the Stoke-shifted self-trapped exciton peak is centred at 2.35 eV for the 
pure TiO2 film. This is in accordance with the previous PL studies done on TiO2. The origin 
of this broad peak has been assigned to oxygen vacancies in the TiO2 crystal which form 
defect levels deep inside the bandgap. However the data shows that the oxygen vacancy 




 Figure 3. 10: PL spectra at 20K for anatase Ti1-xTaxO2 thin films (0 ≤ x ≤ 0.08) and LAO substrate at low energy range (1.8 eV to 3.0 eV). (adopted from A.R. barman’s thesis ‘DEFECT MEDIATED NOVEL STRUCTURAL, OPTICAL, ELECTRICAL AND MAGNETIC PROPERTIES IN Ti1-xTaxO2 THIN FILMS’,NUS)  
So the predominant amount of defects are cationic consistent with other 
measurements65. In these samples the ferromagnetism is dominantly near the film-
substrate interface while the Kondo scattering is contributed mainly by transport near 
the surface region. In the 200 nm film the ferromagnetism is too small as the VTi density 
is reduced and one sees near perfect Kondo scattering fit. This is a consequence of the 
interaction between ferromagnetism and Kondo scattering.  
 
 
Another interesting example of this interaction is the behavior of the magneto-
resistance shown in Fig.3.11, and Fig.3.12. Figure 3.11 shows in-plane 
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magnetoresistance (MR measured at 2 K) of 50, 100 and 200 nm film where we see 
that the 50 nm and 100 nm film show a diverging negative magnetoresistance. The 
divergent nature of the MR confirms the existence of ferromagnetism in the films. The 
MR changes its sign from negative to positive with increasing thickness. The in-plane 
MR (Current is parallel to magnetic field) and Out-of plane MR (current is 
perpendicular to magnetic field) in the 200 nm film is isotropic (inset of Fig. 3.12) as 
expected for Kondo scattering as opposed to weak localization. The positive magneto 
resistance could be explained possibly due to the formation of a Kondo lattice which 
requires interactions between a Kondo system and a ferromagnetic region. A Kondo-
lattice features a competition between the Kondo effect and the Ruderman-Kittel-
Kasuya-Yosida (RKKY) exchange interaction which affects the behavior of the MR. 
Positive MR could be an intrinsic effect of Kondo lattice in a strongly correlated oxide 
or heavily disorder system66-69. Ohkawa70 has reported that in an impurity Anderson 
model with infinitely large correlation effect (leading to a Kondo lattice), a positively 
linear MR can be observed for all fields for s = 1, while the MR may be quadratic at 
low fields (µBH/TK < 0.1) for spins of 0.4- 0.6. Our measurement yields a TK of 15.5 K, 
which implies a critical magnetic field (H) of 2.4 T below which the magnetoresistance 
is expected to show a quadratic behavior. To verify this, we have fitted the 
magnetoresistance data with an expression A*H2 which is consistent with our data 
where we measure s=0.43 from our experimental fit (Fig. 3.12) with A (2.12x10-7), thus 
supporting the assumption of Kondo lattice. Above the critical field, it behaves linearly 
with the applied magnetic field. A negative magnetoresistance is expected for µBH/TK 
>> (1+s), however our maximum applied magnetic field is only 9 T which is very low 
compared to the critical field expected (~34 T). However our resistance vs. temperature 
at low temperature does not show the signature of Kondo lattice formation. The absence 
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of any ordered arrangement of the magnetic entities in the system argues against a 
Kondo lattice formation and instead in the presence of defects supports a disordered 
Griffith’s phase which also gives positive magnetoresistance71. Manyala. et al. have 
shown that disorder ferromagnetic system (Fe1-yCoySi) can give isotopic positive 
magneto resistance72,73. So it could be more likely to be a disordered system.  
          
         
 
 
Figure 3. 11:In-plane magnetoresistance as a function of thickness. 
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Figure 3. 12: In-plane magnetoresistance for 200 nm film along with theoretical quadratic (red solid line) and liner fit (blue solid line). Inset shows the in-plane and out of plane magnetoresistance. 
 
3. 4 Thermopower and magnetic susceptibility Measurement 
 
An independent validation for Kondo scattering is the observation of a maximum in the 
Seebeck coefficient close to the Kondo temperature. Figure 3.13 shows the Seebeck 
coefficient (S) as a function of temperature of 200 nm sample.  
  
54  
                   
Figure 3. 13: Thermo power as a function of temperature along with a theoretical fit. 
The comparison between resistivity and Seebeck curves versus temperature indicates 
that as long as the resistivity is metallic (positive temperature coefficient), the Seebeck 











222    (1) 










KS         (2) 
where α describes the functional dependence of the scattering time on the energy   
Eα and its value depends on the dominant scattering mechanism. In many cases α  0 is 
assumed for simplicity and for lack of a solid theoretical back up, α  -0.5 for scattering 
with acoustic phonons and for most other scattering mechanisms, α is between 0 and -
1. As the carrier concentration measured by Hall effect is virtually constant as a function 
of temperature in our films, eq. (2) well describes the linear temperature dependence of 
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the Seebeck curves above ~50 K, assuming effective masses around 2m0, where m0 is 
the bare electron mass. 
At lower temperatures there is an onset of resistivity upturn and correspondingly also 
the Seebeck coefficient changes its temperature derivative sign, consistently with other 
literature data74 
At lower temperatures there is an onset of resistivity upturn and correspondingly also 
the Seebeck coefficient changes its temperature derivative sign. In the hypothesis of 
Kondo regime, we can assume that below TK a Kondo resonance yields an extra term 
in the Seebeck coefficient, derived from the Mott eqn. (1)75,76 This term can be 
phenomenological expressed as: 
22 bT
aTS k                        (3) 
The coefficient a should be related to the energy position of the Kondo resonance (TK) 
and to the strength of the magnetic scattering processes, while the coefficient b should 
be related to the energy width of the Kondo resonance. We can fit the experimental data 
in Fig. 3.13 as a sum of Mott linear Seebeck term (eq. (2)) plus a Kondo Seebeck term 
(eq. (3)). Associating fitting coefficients a (0.00015 ) and b (5) to meaningful physical 






Figure 3. 14: shows magnetic susceptibility as a function of temperature 
Fig. 3.14 shows the temperature dependence of susceptibility (χ) at temperature range 
from 2 to 200 K in an external magnetic field H = 6 Tesla. Kondo behavior is the 
saturation of magnetic susceptibility where it does not follow the Curie-Weiss law. 
However  the high temperature susceptibility could be describe by Curie-Weiss χ =C/T-
ϴp where C is the Curie consatant and ϴp is the paramagnetic Curie temperature. Fig. 
3.14 shows the susceptibility below ~6 K tends to saturate which deviates from the 
Curie-Weiss law. This deviation is similar to the Kondo effect as reported by other 






3. 5 Conclusion 
 
In conclusion, we show that by incorporation of non-magnetic elements (Ta) in TiO2 
one can induce ferromagnetism as well as Kondo scattering in the same system. As the 
magnetic ions originate from cationic defects and the defect density decreases from the 
substrate interface towards the surface this allows for the coexistence of 
ferromagnetism close to the interface and Kondo scattering closer to the surface. This 
coexistence allows us to study exciting effects involving the interaction of 




































4. 1  Introduction 
 
Metal oxides in thin film and nanoparticle form have been of intense scientific interest 
as functional materials.78 Engineering and controlling the defects and dopants in these 
systems can enable one to manipulate different electronic, optoelectronic and spin 
functionalities. 25,78,79 Particularly, the naturally occurring defects and dopants in TiO2 
thin films are important for various applications.80-84 Indeed, the surface defects, 
predominantly oxygen vacancies and interstitials (Ti and O), have been shown to play 
crucial role in various surface chemistry and photo-catalysis.82,84-86 The substitution of 
Ta and Nb at the Ti site in TiO2 (rutile and anatase) thin films have shown some 
fascinating bulk transport, magnetic and optical properties which seem promising. 87,88 
Theoretical studies have predicted a complex band structure of TiO2, which predict 
TiO2 not as a simple band insulator due to the natural defects and polaronic conduction 
after doping with Ta and Nb.89 The scanning tunneling spectroscopy (STS) and angle 
resolved photoemission spectroscopy (ARPES) are known experimental techniques to 
reveal density of states (DOS) and quasiparticles, primarily at the surface. Here, we 
utilize STS to investigate the systematic variation in the DOS near Fermi level with 
temperature and doping of different Ta concentration in anatase TiO2. Interestingly, our 
STS results showed a peak in conductance ~ 0.6 eV below the Fermi level in a wide 
band-gap TiO2 at low temperature, providing clear evidence of a mid-gap narrow band 
which could be due to the splitting of t2g level by crystal field environment of Ti3+ on 
the surface created by oxygen vacancies. On the other hand, a finite “metal like” 
conductance is seen at higher temperature due to nanoscale conducting regions leading 
to spatial electronic inhomogeneity. This inhomogeneity is significantly reduced with 
the Ta substitution in anatase TiO2. However, a “gap” is still seen in the metallic state 
of Ta doped TiO2. The “gap” is indeed caused by surface polarons similar to pseudo 
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gap found in strongly correlated metal due to scattering of electrons with phonon at the 
Fermi surface splitting the large spectral weight.90-93 Moreover, the mid gap energy is 
found to be a linear function of chemical potential with temperature. From the fitting, 
the extracted value of electron to hole effective mass ratio of pure TiO2 ~ 0.7 exactly 
matches with previous ARPES measurements on anatase TiO2 single crystals.94 Most 
interestingly, the effective mass exponentially increases with the doping of Ta 
concentration in TiO2.We propose such large enhancement of effective mass in Ta 
doped TiO2 (in metallic state) as a strong signature of large polarons.  
4. 2 Experimental 
 
The films of TaxTi1-xO2 were deposited on single crystal (001) LaAlO3 using pulsed 
laser deposition with a KrF excimer laser (λ = 248 nm, pulse width ~ 12 ns). The 
chamber was first pumped down to ~ 10-6 Torr, then deposition was done at oxygen 
partial pressure ~ 2 X 10-5 Torr and substrate temperature ~ 800 °C. These films were 
thereafter transferred (after exposing to air) in ultra-high-vacuum (UHV) chamber of 
scanning tunnelling microscope (STM) by Omicron. The STM measurements were 
done using chemically etched tungsten tips at variable temperature from 78 K to 300 
K. The tunnelling DC spectroscopy (I-V curves) was acquired at 1000s of locations in 
100 nm2 area concurrently with imaging of surface area. The concurrent dI/dV curves 
were also acquired using a lock-in amplifier operated at a frequency ~ 2 kHz and 
voltage ~ ± 30 mV. 
4. 3 Results and Discussion 
 
Figure 4.1 (a) represents the spatially averaged STS characteristics  in 100 nm2 area of 
anatase TiO2 at 78 K, showing concurrently acquired I-V characteristics and dI/dV 
curves (using a lock-in amplifier). The striking feature in these curves can be seen 
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towards negative sample bias (occupied states) where the tunnelling current start 
increasing at ~ 0.5 V till ~ 1 V and remain constant up to 2 V, and a peak in conductance 
can be seen at ~ 0.6 eV. Interestingly, the same trend can be seen at all 1000 locations 
in 100 nm2 area (with a minute variation ± 0.1 eV) as shown in figure 4.2. This peak 
represents a narrow band within the band-gap of anatase TiO2. Before we discuss the 
origin of this band, it is to be noted the total band-gap extracted from STS spectra is ~ 
2.7 eV. Apparently, the measured STS gap is not the optical band gap of TiO2 as 
measured from optical spectroscopy where the electrons are excited from deep valance 
band (O2p electrons) to top conduction band (Ti3d4s electrons). Such reduction of band 
gap has been previously observed in various STS studies of reduced TiO2 single crystals 
(rutile in most cases) due various factors such as band bending and pinning of Fermi 
level on the surface.95,96 Interestingly, a completely new two-dimensional surface phase 
of pure TiO2 with reduced “gap” ~ 2.4 has been reported recently.97 Traditionally, STS 
is not known to measure the bulk band-gap of material but serves as an efficient tool to 
probe the DOS near the Fermi level with high energy resolution. The mid-gap states in 
metal oxides have recently attracted significant attention due to enhanced photovoltaic 
and catalytic properties. 82,84-86,98 The ultraviolet-photoelectron-spectroscopy (UPS) 
studies showed different type of surface and sub-surfaces defects related mid-gap states 
between 0.4-1.0 eV.84,86,99,100. Most of the experimental studies along with theoretical 
calculations confirm that oxygen vacancies and Ti3+ creates these states below the 
Fermi level. Indeed, oxygen vacancies have possibility to form Ti3+ providing one extra 
electron in 3d band. However, these electrons are localized on Ti site and can form a 
very narrow band. These Ti3+ can in fact lead to pairing and a crystal field environment 
similar to Ti2O3 (Magnéli phase) on the surface.100 The local TiO6 octahedron in this 
crystal field environment split t2g and eg levels between bonding and anti-bonding 
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orbitals.2 The crystal field splitting gives the bonding orbitals (a1g) of t2g character 
below the Fermi level.2 Interestingly, from prior optical spectroscopy work the peak 
around ~ 0.6 eV was assigned to the transition from a1g levels to a*1g (conduction 
band).2 Surprisingly, these effects are rarely seen in tunneling spectroscopy DOS 
spectra on single crystal reduced TiO2 surfaces. Indeed, the previous studies did not 
focus on tunneling spectroscopy of TiO2 thin films having natural defects (not extrinsic 
as in case of pure single crystals), and can have these effects more observable at surface. 
Moreover, the local tip induced bend bending (between tip and sample) that push the 
oxygen vacancies away from the surface and thermal effects where oxygen vacancies 
start migrating towards bulk at higher temperature (above 150 K) hinder these 
effects.82,101 To further confirm, figure 4.1(b-c) shows a comparison of STS 
characteristics at low and room temperatures. Interestingly, the globally averaged 












Figure  4. 2 I-V characteristic and dI/dV curves at different location at low temperature. 
 
 
Note the zero bias conductance (ZBC) calculated by fitting the linear region of direct 
electron tunneling, shows a finite “metal like” behavior at room temperature. 
Interestingly, this finite “metal like” conductance at higher temperature was not seen 
homogeneously at the surface as shown in Figure 4.3.  
 
Figure  4. 3 I -V characteristic and dI/dV curves at different location at low temperature 
 
Such variation in tunneling spectra was observed in numerous tunneling spectroscopy 
on TiO2 single crystal at room temperature.96 Note such large variation in ZBC and gap 
is not merely due to thermal effects on local tunneling conditions but is more intrinsic 
in nature. Since the oxygen vacancies keep migrating towards bulk at higher 
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temperature82, the steady state of Ti2O3 like crystal field cannot remain static. We 
confirm this fact with the doping of Ta in TiO2.  Figure 4.3.2 (d) shows a panel of 
continuous imaging of tunneling spectroscopy (CITS) current maps of different Ta 
concentration of doping in TiO2 for positive and negative sample bias at room 
temperature (the detailed spectra are not shown here). These findings show a significant 
reduction of spatial inhomogeneity after Ta doping, and hence is consistant with 
reduction of oxygen vacancies. We reiterate the fact that inhomogeneities are 
significantly reduced by Ta doping in TiO2 and we are hence studying intrinsic metallic 
and insulating states on the surface and not thermal effect on tunneling conditions.  
 
Now we further explore the effect of Ta doping in TiO2. The Raman spectroscopy study 
in figure 4.4 shows that the three prominent phonon modes of anatase TiO2 change 
systematically with Ta concentration (Figure 4.3(a-c) respectively). The inset of figure 
4.4(a) shows the d-spacing increases with Ta concentration. Therefore, the softening 
and hardening of certain phonon modes in out-of–plane (399 cm-1 and 516 cm-1) and 
in-plane (639 cm-1) of sample direction can be understood due to change in respective 





 Figure  4. 4: Raman spectrum of anatase TiO2 with Ta incorporation and (a) frequency shift with Ta Concentration for mode B1g (b) A1g/ B1g (c) Eg 
 
However, the origin of some other peaks in undoped TiO2 and evolution of all peaks 
after doping is not completely understood. Indeed, a peak at 399 cm-1 becomes 
asymmetric and eventually splits in to two peaks at higher Ta concentration (Figure 
4.5). Interestingly, the asymmetric line shape is a strong indication of electron-phonon 
coupling in the system. To quantify certain parameters, this peak can be fitted with Fano 
expression. 
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Figure  4. 5: Raman spectrum of anatase TiO2 with Ta incorporation and the theoretical fitting 
 
 
 Figure 4.5  shows the significant increase in asymmetry parameter after doping of ~ 4 
% Ta concentration. Therefore, the Raman spectroscopy reveal enhancement of 





Figure 4. 6 (a) Spatially averaged (of 1000 curves in 100 nm2 area) dI/dV curve at temperature 78 K for different Ta concentration. (b) The variation of zero bias conductance with temperature. (c) The variation of gap with temperature. (d) The variation in V+ and V- (the values where the tunneling current just start to depart from linear behavior) and their corresponding mid-gap energy [(V+ + V-)/2] with temperature. 
 
 
Figure 4.6 (a) shows the low temperature STS data of different Ta doping in TiO2.  The 
disappearance of sharp defect band peak after doping can be understood by reduction 
in oxygen vacancies on the surface with Ta doping. However, a gap in conductance is 
still seen at low temperature. On the other hand, the bulk transport measurements on Ta 
doped TiO2 gives a typical metallic behavior.87 To confirm the nature and origin of this 
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gap, we extract some important parameters to quantify tunneling characteristics namely 
ZBC, gap (V+-V-) and mid-gap energy[(V+ + V-)/2]  as suggested by Renner et al93. The 
gap and mid-gap energy can be calculated by measuring V+ and V- values where I-V 
curves just depart from linear region. Figure 4.6 (b-d) shows the tunneling 
characteristics of doped TiO2 (Ta ~ 4 %) showing the variations of these parameters 
with temperature. The increase in conductance and decrease in gap can be seen by 
reducing temperature [figure 4.6 (b-c)]. In fact, there is a striking resemblance of this 
gap in deep metallic state of manganites (a strongly correlated metal) known as 
“pseudogap”.92,93,102 This gap is due to quasiparticles “polarons” where electron-
phonon scattering on the Fermi surface split the large spectral weight.90,91,93  Most 
interestingly, the mid-gap energy typically follow a linear relation [figure 4.6 (d)]  of 
chemical potential ~  ¾ kBT ln (me/mh), where kB is the Boltzmann constant, T is 
temperature, me and mh are electron and hole effective mass respectively. The calculated 
value of me/mh from the fit is ~ 6.5. On the other hand, the extracted value of me/mh for 
un-doped cased is ~ 0.7 which exactly matches with recent ARPES results 94  on pure 
anatase TiO2 single crystals. Moser et al in these ARPES measurements claim that the 
measured effective mass ~ 0.7 is higher than the band structure calculated value ~ 0.42 
due to electron-phonon coupling and polaronic conduction.94 Indeed, their study 
showed the system to undergo a cross over from a strongly correlated insulator to 
polaronic conduction with carrier concentration tuned by ARPES radiation intensity 
and oxygen base pressure.94 However, in our case the electron/hole effective mass ratio 
is 10 times heavier with Ta doping than in pure TiO2. Moreover, we see this effect in 
typical degenerate semiconductor (having a metallic resistivity) where the carrier 
concentration remains constant in all temperature regime. This is also a different finding 
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than ARPES results. We reiterate the existence of a new metallic system on the surface 
of Ta doped TiO2 with strong signatures of quasiparticle “polarons”.  
 
Figure 4. 7 (a) The variation of zero bias conductance with Ta concentration. (b) The 
variation of gap with Ta concentration. (c) The variation mid-gap energy [(V+ + V-)/2] 
with Ta concentration. (d) The variation of deduced value of electron/hole effective 
mass ratio with Ta concentration. 
 
Figure 4.7 (a-c) shows the variation of ZBC, gap and mid-gap energy with Ta 
concentration in TiO2. Importantly, we clearly see an exponential decrease in ZBC and 
increase of a gap with increasing Ta concentration. The most remarkable finding here 
is the mid-gap energy to be a strong function of doping concentration. Considering the 
fact that asymmetry between V+ and V- is due to higher electron to hole effective mass 
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ratio, as established previously [shown in figure 4.6 (d)], we plot electron to hole 
effective mass ratio value with respect to Ta concentration. Such a giant increase in 
effective mass is only seen in heavy Fermionic system.103 Clearly, more research is 
needed to further explore this phenomenon.  
4. 4 Conclusion 
In conclusion, we provide evidence of mid-gap band due to the splitting of t2g level by 
crystal field environment of Ti3+ on the surface assisted by oxygen vacancies. The 
spatial electronic inhomogeneity is seen at higher temperature which is significantly 
reduced with the Ta substitution in anatase TiO2. A “gap” is seen in metallic state of Ta 
doped TiO2 similar to strongly correlated metals. We demonstrate a large enhancement 
of effective mass with the doping of Ta concentration in TiO2. We propose such large 































5. 1 A brief history of two dimensional electron gas in oxides. 
 
The 2DEGs (two dimensional electron gas) confined at the interface of two epitaxial 
semiconducting heterostructures have formed the basis of the modern electronic and 
photonic devices. High mobility 2DEGs are mostly dominated by non-oxide based 
semiconductors. The physics of recently discovered 2DEG by Ohtomo el104. at the 
interface of two complex insulating oxides LaAlO3 (lanthanum aluminate, LAO) and 
SrTiO3 (strontium titanate, STO) where LAO films were grown by pulsed laser 
deposition (PLD) or molecular beam epitaxy (MBE) on a single crystalline (001) STO 
and (110) STO substrates is different from that of conventional semiconductors. The 
origin of 2DEG at the LAO /STO has been explained by three different models such as 
(a) interface electronic reconstruction to avoid the polarization catastrophe induced by 
the discontinuity at the interface between polar LAO and non-polar STO105,106,(b) 
doping by thermal inter-diffusion of Ti into=Al or La into=Sr ionic site at the interface, 
(c) creation of oxygen vacancies in STO substrates during the deposition process107. 
The most common explanation of the observation of 2DEG at the LAO/ STO interface 
is based on electronic reconstruction, where the electrons move to the interface to avoid 





                                        
 
Figure 5. 1: The unreconstructed interface has neutral (001) planes in SrTiO3, but the 
(001) planes in LaAlO3 have alternating net charges (ρ). If the interface plane is 
AlO2/LaO/TiO2, this produces a non-negative electric field (E ), leading in turn to an 
electric potential (V ) that diverges with thickness(ref). 
 
                                      
Figure 5. 2: The reconstructed interface has e/2 charged top TiO2 layer of SrTiO3, leading in turn to an electric potential (V) that does not diverge with thickness 
 
However the enhancement of electron mobility for complex oxide 2DEG is still a 
challenge. The two dimensional electron mobility, found at oxide interfaces between 
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perovskite bilayers4, such as the (001)-oriented polar LaAlO3 (LAO) films grown 
epitaxially on (001)-oriented non-polar SrTiO3 (STO) single crystals is still not high 
enough.  
Conductance in cubic s-band metals such as copper is isotropic, and the lattice 
manifests itself mainly through electron-phonon scattering. On the other hand, the 
transport of electrons in metal oxides occurs through overlap of cation and anion 
orbitals. Since these orbitals are directional, the mobility and its isotropy may depend 
critically on the bond angle. To demonstrate this idea, we compare three different 
crystallographic TiO2 surfaces where we can create a two-dimensional electron gas 
(2DEG), which enables us to explore the differences in transport properties of the 
surfaces and correlate them with the natural surface corrugation ( arising from the bond 
angle). In the TiO2 system the Ti 3d t2g orbitals overlap with the oxygen 2p orbitals. 
The Ti –O- Ti transfer integral is greatest for a bond angle of 180.  
Recently, a 2DEG has been generated at the surface of SrTiO3 (STO) by depositing on 
it at room temperature a layer of material with a high affinity for oxygen. Al Shibuya 
et. al108 demonstrated metallic behaviour at interfaces between amorphous CaHfO3 and 
STO single crystal substrates. Later, other groups characterized the metallic interfaces 
between STO substrates and other amorphous oxides109,110. The forerunner of this work 
was the demonstration of a 2DEG by Ohtomo et al., at the interface of crystalline, polar 
LaAlO3 (LAO) and a non-polar STO substrate, where the 2DEG arises in STO in order 
to avert a polar catastrophe. However, the amorphous oxides are not significantly polar, 
and in that case it was found that the 2DEG arises from the gettering effect of the 
overlayer, which creates oxygen vacancies at the interface that donate an electron to the 
Ti conduction band111 The limited diffusion of oxygen in these materials at room 
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temperatures ensures that oxygen vacancies occur predominantly in the surface layer, 
although the electrons can be distributed within a few nm of the interface110,112. Oxygen 
vacancies are known to introduce a shallow donor level close to the conduction band 
of SrTiO333,113 which controls the conductivity, thus making STO by far the favourite 
complex oxide for forming a 2DEG. However, Schladt et al.31 have recently found 
metallic behaviour at the (101) and (001) surfaces, but not at the (100) and (110) 
surfaces of rutile by applying an electric field using an ionic liquid gate. The 
metallization of an insulating oxide in this way opens up new prospects for exploring 
the electronic structure. Furthermore Minohara et al.114 have demonstrated a 
termination-dependent metal-insulator transition at the TiO2/LaAlO3 hetero-interface. 
In both the cases the origin of conductivity is attributed to oxygen vacancies at the 
interface.  
In this study, we have succeeded in creating a 2DEG at different surfaces with TiO2 
stoichiometry by using an amorphous LAO overlayer. We have investigated transport 
at the three TiO2 - terminated (001) surfaces that are compared in Fig. 5.1. It can be 
seen in the figure that the Ti-O-Ti and O-Ti-O bond angles are quite different in the 
three surfaces. It is reasonable to expect that the bond angle deviating most from 180 
will be the limiting one in terms of electron transport. Also these bonds may show 
significant anisotropy with respect to the in-plane axes. Hence one would expect 
significant differences between the three systems in terms of in-plane mobility and 
anisotropic transport.  
For strontium titanate and rutile we have bulk single-crystal surfaces, while for anatase 
we use high-quality single-crystal films grown by pulsed-laser deposition (PLD). We 
have studied the anisotropic transport properties of (110) oriented STO and rutile 
crystals, but in the case of anatase we have no access to a crystal surface with built-in 
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anisotropy. The 2D nature of the conductance is well established in the case of 
STO112,115. In anatase we demonstrate the two-dimensional nature of the electron gas 
provided by a 2D weak localization model, with a localization length of 50nm.  
5. 2 Experimental Methods 
 
Rutile and SrTiO3 single crystals with (001) and (110) orientations were purchased from                                                                        
CrysTec GmbH, Berlin. Synthetic anatase crystals are not commercially available, and 
natural crystals are inevitably impure. The crystalline phase of (001) oriented anatase 
film grown by PLD on LaAlO3 substrates at 700 C in an oxygen pressure of 1x10-3 
Torr using a TiO2 target was of excellent quality as shown in Fig.5.3.  
                               
Figure 5. 3: shows X-ray scattering data for the anatase TiO2 film showing excellent crystallinity. The inset shows high resolution XRD data showing the Laue oscillations indicating high quality film. 
 
 The amorphous LaAlO3 thin film (20 nm) overlayers were grown by pulsed laser 
deposition on all three surfaces at room temperature at different oxygen partial pressure, 
  
78  
using a KrF excimer laser at a repetition rate of 1 Hz and a fluence of 2 J/cm2 on a LAO 
target. 
                                                            
 
Figure 5. 4: Atomic force microscopy image of treated TiO2 surface before deposition and after deposition of amorphous layer 
 
The heat treatment was done on to the surface of TiO2 and STO single crystal substrate 
to get atomically flat surface steps as shown in Fig. 5.4. Temperature-dependent 
resistivity measurement was done in the linear four-probe geometry. Hall coefficient 
and carrier concentration were determined by applying a magnetic field B perpendicular 
to the film plane in the van der Pauw geometry with Al wire bonding in a Quantum 
Design physical property measurement system equipped with a 9 T superconducting 
magnet. The magnetic field was swept from 9 T to - 9 T for both the above 
measurements, which were made at a constant current. 
5. 3 Experimental results 
 






SrTiO3 is the benchmark material among oxides for electron mobility, which at low 
temperatures becomes comparable to that of silicon. The transport of electrons near the 
surface of STO is governed by the uppermost TiO2 layers. We show how this transport 
as a function of temperature compares with that in the uppermost TiO2 layers of rutile 
anatase and Strontium titanate in Fig. 5.5, 5.6 and 5.7. The sheet resistance plotted in 
Fig. 5.5 reveals delocalized behaviour down to 2 K in STO and anatase, although there 
is an upturn below 100 K in anatase. Rutile, however exhibits strong localization below 
25 K, and the oxide is effectively insulating at low temperature. 
                                 
Figure  5. 5:Comparative overview of sheet resistance of the two-dimensional electron gas created by an amorphous LaAlO3 overlayer on the 001 surfaces of strontium titanante, anatase and rutile 
                                 
The carrier density plotted in Fig. 5.6 shows a rapid carrier freeze out for rutile below 
20 K, and almost constant values at low temperature for the other two oxides. The room 
temperature value for STO is ten times higher than the low-temperature value; the 




                         
Figure 5. 6:A comparative overview of carrier density of the two-dimensional electron gas created by an amorphous LaAlO3 overlayer on the 001 surfaces of strontium titanate, anatase and rutile 
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Figure 5. 7: A comparative overview of mobility of the two-dimensional electron gas created by an amorphous LaAlO3 overlayer on the 001 surfaces of strontium titanate, anatase and rutile 
 
The mobility plotted in Fig. 5.7 shows a three-orders-of-magnitude increase with 
decreasing temperature for STO with saturation below 10 K while for anatase the 
mobility increases down to about 100 K and then drops. Rutile shows a three-orders-
of-magnitude increase in mobility with decreasing temperature, and it then begins to 
drop below 25 K. At room temperature the carrier concentrations are roughly 1014 per 
cm2 for all three oxides, but the mobilities are quite different, increasing in the order 









Figure 5. 8: Temperature dependence of a) the resistance and mobility and b) the carrier concentration in SrTiO3. The inset is a plot of dRs/dT vs T, showing evidence for the cubic-tetragonal transition in SrTiO3 at 105 K. 
 
Figure 5.8 shows the anisotropic transport properties of STO (a) and the thermal 
activation of the carrier density (b). The ferrodistortive cubic to tetragonal transition 
below 105 K has little effect on the resistance and mobility. There is negligible 
anisotropy in the transport in the 110 plane at any temperature. The activation energy 








5. 5 Anatase.        
  
Figure 5. 9:a) Hall effect of anatase; b) mobilities 
 
The Hall data are nonlinear (Fig. 5.9(a)) implying two different carrier contributions  to 
the transport. The inset shows fits of two representative data sets at 30 K and 50 K to a 
two-carrier conduction model: 
ܴ௫௬ = (஻௘)





               (1) 
where Rxy is the Hall resistance, e is electronic charge, B is the magnetic field. The fitted 
mobilities (µ1, µ2) and electron concentrations (n1, n2) were derived. A reasonable fit 
shows that one electron density decreases with temperature while its mobility increases, 
whereas the other electron density increases with decreasing temperature with the 
mobility decreasing, Fig. 5.9(b). 
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Figure 5. 10: carrier concentrations deduced from the two-carrier model of Eq 1 
The two densities in an Arrhenius plot in Fig. 5.10 show activation energies of 10.4 
meV for n1 and 4.8 meV for n2. It may be noted that the room-temperature mobility of 
anatase is significantly greater than that of STO or rutile. This can be understood in 
terms the thermal occupancy of the two types of t2g sub-band whose degeneracy is lifted 
by the slight elongation of the oxygen octahedra along the c direction. Under this 
distortion the lower level is the dyz, dzx doublet  and the upper level is the dxy singlet116. 
At low temperatures the doublet is occupied (heavy electrons) and with increasing 
temperature the more mobile dxy orbitals are populated. The activation energy plot 
indicates that the energy separation of the conducting states is ~ 6 meV. 
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Figure 5. 11: Sheet resistance of the two-dimensional electron gas created by an amorphous LaAlO3 overlayer on the 001 surfaces of anatase TiO2 during warming up(green line), cooling down(blue line) and with magnetic field (orange line) 
 
The figure 5.11 shows the sheet resistance with temperature during cooling as well as 
during the warming. This measurement shows that there was no thermal effect in the 
measurement. However the magnetic field dependent sheet resistance with temperature 
shows positive magnetoresistance which is strong near the resistance minima from 15-
300 K.  Below 15 K, the magnetoresistance is negative. The magnetoresistance effect 
is strong at temperature around 50 K. To understand the resistance minima further,  the 
measurement of the magnetic field vs. resistance near 50 K was performed as show in 
Fig. 5.12. There was no anisotropy observed, which disqualify any kind of 
ferromagnetic spin scattering at this temperature.   
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Figure 5. 12:Magnetoresistance near the resistance minima at temperature 100 K 
To further understand the nature of the localization at low temperatures we measured 
the magnetoresistance as a function of the angle between the applied current and 
magnetic-field (Fig.5.13(a)).  
 
Figure 5. 13:(a) In-plane and out-of- plane magnetoresistance of anatase b) theoretical fitting of out-of-plane magnetoresistance using 2d weak localization model   
 
The negative magnetoresistance in the out-of-plane direction with the different angle 
shows anisotropy of the MR which has been fitted with 2D weak localization theory 
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given by Hikamy et. al.117 The figure 5.13(b) shows the theoretical fitting of the 90ᵒ 
and 30ᵒ angle data which were subtracted from in-plane MR data to get the weak 
localization contribution indicating the 2D weak localization given by 
△ ߪ = − △ோோమ(బ,೅) = − ఈ௘
మ
గ௛ ቂ݈݊ ஻ഓு − ߖ ቀଵଶ + ஻ഓு ቁቃ.....................(2) 
Where △R =(R(B,T)-R(0,T), e is the electronic charge, h is the Plank constant, Bτ 
(h/8пLh2) is the fitting parameter, Lh =(Dτ)1/2 is the diffusion length where τ is the 
inelastic mean free path and D is the diffusion coefficient. ߖ is the digamma function. 
The fitted data (Fig-(5.13(b)) gives the value of diffusion length Lh= 50 nm for (90ᵒ), 
80 nm (30ᵒ). The fitting data confirmed the existence of 2D weak localization in the 
films. The positive magnetoresistance (MR) in the film in a parallel magnetic field has 
been attributed to the impurity scattering in 2D electron gas as predicted by 
Dolgopolov118. According to them we expect the increase of positive magnetoresistance 
in the out-of-plane too. As the samples show weak localization which dominates the 
magnetoresistance at low field in the negative direction at low temperature. However, 
in the higher field region, we observe an upturn in the magnetoresistance, which could 
be due to the impurity scattering, dominating at higher field. It is clear that unlike the 
case of STO, where one can strong spin orbit coupling. Here the magneto resistance 
behaves in opposite way, the in-plane magnetoresistance is negative where as the out-




5. 6 Rutile 
 
 
Figure 5. 14:Temperature dependence of a) the resistance and mobility and b) the 
carrier concentration in rutile 
Figure 5.14 shows the anisotropic transport properties as function of temperature of the 
rutile phase, measured in two perpendicular crystallographic directions on a 110 
substrate. Figure 5.14(a) shows the sheet resistance and mobility for the two different 
orientations. In both cases the mobility rises substantially with decreasing temperature 
until localization has sets in below 20 K. The carrier density drops off with temperature 
below 25 K, with activation energy of 8 meV as shown Fig. 5.14(b). 
 
5. 7 Discussion 
 
An oxygen vacancy in TiO2 (anatase121 or rutile122,123) or  SrTiO3124 is known to create 
a shallow donor level below the conduction band. Since the amorphous LaAlO3 is non-
polar, there is no polar discontinuity and it is these shallow donor electrons that are 
responsible for the interface conduction. Furthermore amorphous LAO, unlike 
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crystalline LAO, does not strain the surface, The lifting of the degeneracy of the Ti t2g 
orbitals is significant for crystalline LAO, but one may assume that the band structure 
in the present case is close to bulk. Even though the dominant contribution to oxygen 
vacancies comes from the surface layer (which may be reconstructed since the LAO is 
deposited at room temperature) the resultant electrons are likely to travel in the 
uppermost few layers below the interface. Even if the top layer is reconstructed, the 
subsequent layers are epitaxial and unstrained; the bulk-like coordination of the Ti 
atoms in the rutile, anatase and strontium titanate is preserved, justifying the assumption 
of the bulk band structure.  
 
 
Figure 5. 15:The bulk band structure of rutile, anatase TiO2 and strontium titanate 
 
    The low-temperature conductivity is governed by the band structure along the 
conduction direction, which depends on the orbital overlap, bond length and angles. 
Dispersion of the lowest d-band in the-X direction in anatase is roughly twice as large 
as it is in rutile125,126. The largest dispersion of the lowest d-band is in strontium titanate, 
as shown in Figure 5.15. However, the dispersion of the lowest d-bands in the bulk 
alone cannot explain the origin of strong localization in rutile and weak localization in 
anatase.  The two-dimensional character of the conduction in the occupied states in a 
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thin layer at the titanate interface is expected to be sensitive to the in-plane transfer 
integrals and bond angles. 




Figure 5. 16: Comparison of the crystal structures of strontium titanate, anatase and rutile. The 001 axis is vertical, and the surface in each case is a plane with composition TiO2. The  Sr, Ti, and O ions are coloured green, blue and red.  
The limiting bond angle is 166º in tetragonal SrTiO3, 155º in anatase and 81º in rutile.  
The bond angles are linked to the lattice deformations that give rise to polarons in 
anatase127. It was proposed that large polarons are formed in anatase127,128 and small 
polarons129-132 in rutile.  while there is no small polaron formation in SrTiO3 according 
to the predictions of Janotti et al.133. This could be the reason why there is strong 
localization in rutile, but only a weak increase in resistance at low temperature in 
anatase and none in strontium titanate. In contrast, the high temperature conductivity 
(where polarons do not play a role) is highest in the case of anatase TiO2 owing to its 
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lowest effective mass. The effective masses are 2-5me134-136 for SrTiO3 0.6me137,138 for 
anatase and 20me139 for rutile. 
The STO interface shows no appreciable anisotropy at any temperature as expected for 
a cubic (or near-cubic) structure. This is in contrast with the data of the 2DEG generated 
at a crystalline (110) STO/LAO interface140. This is clearly a reflection of the effect of 
interface strain effects which are likely to manifest in the latter case. However, a large 
anisotropy is observed in rutile TiO2, which can be understood in terms of the limiting 
bond angles which are different along [110] and [001] directions as well as the 
direction-dependent d-band dispersion115. The limiting bond angle along [110] is 81º. 
Along [001] the d-d overlap is direct, giving a lower resistance and higher mobility 
In the oxygen vacancy model for the 2DEG, the number of conductions electrons, 1014 
per cm2 at room temperature, will be approximately equal to the number of oxygen 
vacancies. The number of oxygen ions on a TiO2 surface is 12x1014 per cm2 so the 
oxygen vacancies created must be distributed over a depth of nanometer or more with 
the dominant contribution coming from the uppermost layer. This electron density of 
~1021 cm-3 in all the three cases will cause a Moss-Burstein shift of ~0.5 eV and should 
be able to populate the bands beyond the parabolic part near the -point.The donor 
level near the Fermi energy due to oxygen vacancies must occupy slightly different 
positions relative to the bottom of the Ti (t2g) band in each case, and there will be a 
mobility edge in the band due to the random potential fluctuations at Ti sites created by 
the vacancies. In rutile, the donor level must lie below the mobility edge, whereas in 
SrTiO3, it lies above it, and the donor levels are emptied. The situation in anatase is 
more complicated, because of the splitting of the t2g band, with possibly different 
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mobility edges in the dxy and dyz/dzx bands. A schematic illustrating the proposed 




Figure 5. 17: Schematic illustrating the position of the donor level Ov that can accommodate up to one, localized electron per oxygen vacancy (pink rectangle) relative to the bottom of the Ti(t2g) band in rutile, anatase and SrTiO3. The Fermi level and the mobility edge(s) are shown by the blue and red dashed lines. The position of the mobility edge may be correlated with the occupancy of the Ov level. 
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 Delocalization Weak localization Strong localization 
 No distortion 1.5% distortion 1.9% distortion  





207 194  195 (V); 198(-) 
Ti-O-Ti bond 
angle 
180° 155° 131° 
O-Ti-Obond 
angle 
180° 155° 81°, 180° 
Ti-Ti nearest 
distance (pm) 




5. 8 Conclusion. 
 
We have demonstrated that the oxygen-vacancy-induced 2DEG that has been 
extensively studied in SrTiO3 can also be created in rutile and anatase. By comparing 
the distinct properties of the 2DEG SrTiO3, and the two TiO2 polymorphs, which have 
quite different Ti – O – Ti bond angles, we are able to highlight important differences 
in metallic conduction in a metallic metal oxide, compared to that in a normal metal. 
High quality (001) anatase grown by pulsed-laser deposition on LaAlO3 substrates 
shows the highest mobility and lowest sheet resistance at room-temperature: each of 
them is an order of magnitude better than for STO. However, its mobility below 50 K 
is inferior to that of STO, because of the formation of large polarons.and splitting of 
the Ti t2g-derived conduction band by the non-cubic crystal field. In rutile the electrons 
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form small polarons and they are localized below 25 K. The temperature variation of 
the mobility for the different interfaces has been further rationalized in terms bond 
angles and the dispersion of the lowest t2g bands. The room temperature mobility of 
anatase, which is comparable to that of thin layers of MoS2141 or WS2142, may be of 


















































The single crystal Magneli phases143-145 (TinO2n-1, n=4, 5,…) have been widely studied 
in early 1970 due to their distinct metal-insulator transitions with temperature and high 
conductivity compared to the commonly known stoichiometric titanium dioxide, 
TiO2.146,147The highly conducting Magneli phases are a potential candidate for use in 
corrosion-resistant ceramic electrodes148. Recently, titanium dioxide has drawn great 
interest with regard to non-volatile memory systems due to its resistive switching (RS) 
behavior149,150. The mechanism of the resistive switching has been explained by 
unipolar resistive switching in TiO2 due to formation of conducting filaments of 
magneli phases150,151. Hu et al recently have shown that highly defective conducting 
TiO2 oxide plays an important role to stabilize the Si and III-V semiconductor in KOH 
solution for water oxidation152.  However, the electrical characteristics of Magneli 
phases have been studied in single-crystal powders prepared by the reduction of TiO2 
by heating the crystal in a hydrogen or nitrogen environment17,98,153,154. It is also 
possible prepare similar material by chemical vapor transport from titanium metal and 
TiO2155. There are few reports on the electrical properties of the thin film of Magneli 
phase, which is required for the fabrication and integration of RS devices. However, in 
order to investigate the RS behavior in the Magneli phase, it is necessary to prepare a 
uniform Magneli phase of the thin film type and then to acquire the electrical 
characteristics. Such phases on account of their strong absorption in the solar spectrum 
may also be useful for energy conversion applications. 
 
 




Sample preparation and measurements: TiO2 thin films were grown by pulsed laser 
deposition (PLD) on LAO(100) and Indium Tin oxide coated glass substrate at a 
temperature of 700oC and at oxygen partial pressure 1x10-6 Torr. The PLD target was 
prepared by a solid-state reaction method using 99.999% pure TiO2 powders. 
Temperature dependent resistivity measurement was done in linear four probe 
geometry. Also both in-plane (Magnetic field parallel to current) and out-of-plane 
(magnetic field normal to current) magnetoresistance (MR) measurements were carried 
out in linear four point geometry. Hall coefficient and carrier concentration were 
determined by applying a magnetic field (H) perpendicular to the film plane in the van 
der Pauw geometry (with Al wire bonding) in a physical property measurement system 
equipped with a 9 T superconducting magnet. The magnetic field was swept from 9 to 
-9 T under a constant current for both the above measurements. The measurements were 
carried out both in zero field and in a magnetic field of 9 T, but no appreciable 
dependence on the magnetic field was observed. Scanning tunnelling microscopy 
(STM) and scanning tunnelling spectroscopy (STS) measurements were performed in 
ultra-high-vacuum (UHV) conditions at low temperature (5K) using a commercial 
system by Omicron. These measurements were done using chemically etched tungsten 
tips. All STM and STS measurements were carried out at positive sample bias ~ 1.3 V 
and tunnelling current ~ 1.0 nA. The concurrent imaging of conductance (dI/dV) with 
topography is acquired using an external lock-in amplifier operated at frequency ~ 
2kHz and voltage ~  ± 30 mV. Tunnelling DC spectrum (I-V curves) was also acquired 
in different regions of sample over different scanning area.  




Figure 1 shows the cross sectional TEM image of TiO2 film grown on  LaAlO3. In the 
figure 6.1(a), it is clearly seen that there are two different regions where one is dark and 
the other bright. The ratio of bright to dark regions is around 4:1. A zoomed in image 
of these two different regions is shown in figure 6.1(b), exhibiting different crystal 
structures. The interface of the substrate and film is highly disordered as shown in figure 
6.1(c). To understand the crystal structure of the film, EELS spectrum was taken on 
these two different regions as shown in figure 6.2. Together with the peak energies, it 
is found that the red spectrum represents Ti4O7, while the blue spectrum is Ti3O5156. 
Therefore, the darker crystals are Ti3O5 located inside the Ti4O7 host. 
 
               
                           




                                 
Figure 6. 2: the EELS spectrum of the two different matrix in the TiO2 film 
 
The figure 6.3 shows the resistivity and the carrier density as function of temperature 
from 50 to 300 K. The resistivity undergoes metal to insulating transition around the 
temperature 150 K. The resistivity below 150 K shoots up dramatically. The resistivity 
as a function of temperature shows a tiny hysteresis loop in the heating and cooling 
cycle. The carrier density plotted in Figure 3 shows a rapid carrier freeze out below 150 
K.  
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Figure 6. 3: Resistivity (orange) and carrier density (blue) as a function temperature 
 
Figure 6.4 shows the absorbance of the films as a function of wavelength. The FTO 
substrate shows no absorbance from 200 nm to 800 nm. The pure anatase TiO2 film 
also does show any absorbance above the energy lower than the band gap (3.2 eV). 
However the black TiO2 shows strong absorbance in the visible spectrum. This film 
shows complete absorbance above the energy 3.5 eV which is the band gap of the film 
as shown in the figure 3b. 
The absorbance is linearly increasing with the wavelength starting from 250 to 800 nm. 
In figure 3b, the black film shows band gap of 3.5 eV which is higher than that of 
anatase TiO2 (3.25 eV). 
 
 




                       
                                 
                                                                                                                                    
 
Figure 6. 5: (a) the topography image (b) conductance image 
 
 
                             
Figure 6. 6 : I-V characteristic and dI/dV curves at different location at low temperature of  anatase TiO2 
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Figure 6. 7: I-V characteristic and dI/dV curves at different location at low temperature 
of  Magneli phase. 
 
 
Figure 6.5 (a) and (b) shows the concurrently acquired topography and conductance 
(dI/dV) images. Interestingly, these films were found electronically inhomogeneous. In 
the black TiO2, the insulating and conducting regions shows a gap of ~1,5 eV and ~ 
0.25 eV respectively, as shown in Figure 6.6. However, the insulating gap is found to 
match with the reported values of black TiO298,157. The gap of ~0.2 eV in conducting 
phase at low temperature is surprising. Our detailed study (Reference STS paper on 
Ta:TiO2, to be submitted) have shown a low temperature gap persisting in metallic 
phase due to large polarons. In contrast, the figure 6.7 shows there is no gap in the band 
gap of  anatase TiO2. 
6. 3 Dicussion  
 
The Magneli phase is an electrically conducting phase. Interestingly, the resistivity as 
a function temperature shows metal to insulating phase transition at temperature 155 K 
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which is the transition temperature of Ti4O7 Magneli phase. So we believe that the 
temperature cycle loop is due to the Ti4O7 phase. The effects of doping on the 
fundamental band edges have been studied with electrical transport experiments as well 
as with optical techniques such as absorption, electro-reflectance (ER)158, and 
photoluminescence159.  Besides the formation of band tails because of the random 
potential, a shift of the band edges results, due to two competing phenomena: a blue 
shift (Moss-Burstein shift160) due to the filling of the valence (conduction) band by 
holes (electrons), and a shrinkage by many-body effects (BGR)161.  
The UV-Visible –IR spectrum shows the black TiO2 has higher optical band gap than 
anatase TiO2.  We attribute the blue shift of the band gap simple to Moss-Burstein (BM) 
filling effect. Thus, the bandgap shift is determined by a combined effect of the BM 
and BGN, the former leading to a widening of the bandgap and the latter a narrowing 
of the bandgap. The optical bandgap can be written as Egb=  Eg+EBM−EBGN, where Eg 
is the bandgap of the undoped TiO2, EBM and EBGR are changes in bandgap due to BM 
effect and BGN, respectively. The STM data shows dramatic shrinking of the gap which 
explains the highly absorptive nature of the Magneli phase. 
6. 4 Conclusion 
 
We have successfully demonstrated the Magneli phase of TiO2 thin film by PLD. The 
film shows high absorption in the visible spectrum which may be of interest for solar 
energy conversion devices. This is the first report of hysteresis loop in the resistivity as 























Epitaxial thin films of Ti1-xTaxO2 were deposited using the PLD technique. Till date, 
the rutile phase in TiO2 has been the more widely studied phase. However, the anatase 
phase has gained a lot of prominence after reports of more interesting phenomena such 
as transparent conductivity and ferromagnetism in this phase. Here we have studied 
defects induced properties of both the anatase and rutile thin film as well as single 
crystals.  
Various spectroscopic and microscopy techniques such as X-Ray Diffraction, Raman 
Spectroscopy, Rutherford Backscattering-Ion Channeling Spectroscopy, Raman 
Spectroscopy and Atomic Force Microscopy have been used to study the properties  of 
these films.  
7. 1 Simultaneous observation of Kondo effect and magnetism  
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TiO2 is one of the most commercially exploited oxides known to most scientists over 
the last century, with its importance growing in the energy research fields lately. 
Magnetism in TiO2 and particularly arising from cationic defects has been a dramatic 
new development in this system.  
In this study, we present a yet another exciting new discovery that may enable 
researchers in the field of magnetism to explore new avenues. We show that 
renormalization group theoretical fit for Kondo scattering works for a metal oxide 
system with low carrier densities, high magnetic center density and strong correlation 
compared to conventional metallic systems like copper. This may be the first report of 
such phenomena in a 3d system which also has strong electronic correlation. In terms 
of theoretical modelling 3d electronic systems are easier to handle and thus may be a 
better system for the study of such complex magnetic behaviour. 
 
We demonstrate in this paper a number of novel results which may be of broad interest 
to the condensed  matter community: 
1 The observation of ferromagnetism near the anatase Ta0.06Ti0.94O2 and substrate 
interface which decays with thickness 
2 The excellent fitting of the transport data with the numerical renormalization 
group theory of Kondo scattering 
3 The observation of Kondo effect near the surface which grows with film 
thickness. The observation of coexistence of both ferromagnetism and Kondo 
scattering over a range of film thicknesses which enables us to study interactions 
between these two magnetic phenomena.  




We have demonstrated that the oxygen-vacancy-induced 2DEG that has been 
extensively studied in SrTiO3 can also be created in rutile and anatase. By comparing 
the distinct properties of the 2DEG SrTiO3, and the two TiO2 polymorphs, which have 
quite different Ti – O – Ti bond angles, we are able to highlight important differences 
in electron transport in a metal oxide, compared to that in a normal metal. High quality 
(001) anatase TiO2 film grown by pulsed-laser deposition on LaAlO3 substrates shows 
the highest mobility and lowest sheet resistance at room-temperature: an order of 
magnitude better than for STO. However, its mobility below 50 K is inferior to that of 
STO, because of the formation of large polarons .and splitting of the Ti t2g-derived 
conduction band by the non-cubic crystal field. In rutile TiO2 the electrons form small 
polarons and they are localized below 25 K. The temperature variation of the mobility 
for the different interfaces has been further rationalized in terms of bond angles and the 
dispersion of the lowest t2g bands. The room temperature mobility of anatase, which is 
comparable to that of thin layers of MoS2141 or WS2142, may be of interest for low-loss 
plasmonics. 
7.3 Evidences of surface mid-gap states and polarons in anatase TaxTi1-xO2  
 Here, we utilize STS to investigate the systematic variation in the DOS near Fermi level 
with temperature and doping of different Ta concentration in anatase TiO2. 
Interestingly, our STS results showed a peak in conductance ~ 0.6 eV below the Fermi 
level in a wide band-gap TiO2 at low temperature, providing the clear evidence of  mid-
gap narrow band state which could be due to the splitting of t2g level by crystal field 
environment of Ti3+ on the surface created by oxygen vacancies. On the other hand, a 
finite “metal like” conductance is seen at higher temperature due to nanoscale 
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conducting regions leading to spatial electronic inhomogeneity. The inhomogeneity is 
significantly reduced with the Ta substitution in anatase TiO2 
7.4 Future Work  
 
Ti1-xTaxO2 has proved to be an extremely interesting system. Besides interesting 
Physics, there may be scope for technology development.  
I list below some of the very exciting future opportunity that could be pursued:  
 It will be extremely interesting to probe the band gaps for TiO2 with much higher Ta 
concentrations, such as 40% or 60%. It will also be interesting to study Ta2O5 samples 
incorporated with Ti. It will be very useful to have a wider band gap material which 




 There has been some initial data on tuning the Kondo Temperature by gating the thin 
films of Ti1-xTaxO2. It will be very important to continue the study as it will lead to 
possible avenues of modulating the magnetic centers and charge carriers and hence the 
magnetism in the system.  
 
 There are possible scopes of developing magnetic devices such as tunnel junction 
based on Ti1-xTaxO2 thin films. It will be a fascinating problem to work on building the 
devices and  measure the tunnelling magnetoresistance of the system.  
 
 One of the most important problems will be to study direction dependent 2d electron 
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